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1. I n t r o d u c t i o n .  

A new s o l u t i o n  of t h e  one-d incns ionz l  t ine- independent  hydrodynamic 
e q u a t i o n s  f o r  an ozone f l m e  which a v o i d s  tioffie approximat ions  nade i n  
e a r l i e r  c a l c u l a t i o n s  y i e l d s  some q u a l i t z L i v e l y  d i f f e r e n t  r e s u l t s .  

and numer ica l  parameters  i n  S e c t i o n  3 ,  t he  n u s e r i c a l  methods and t h e  c h a r a c t e r  
of t h e  e igenvalue  problem i n  S e c t i o n  4. The s o l u t i o n  curves a r e  analyzed i n  
S e c t i o n  5 i n  terns of t h e  p h y s i c z l  and c h e n i c a l  p r o c e s s e s  w i t h i n  t h e  flame as 
a p a r t  of a s tudy  of  how t h e s e  p r o c e s s e s  depend upon f u e l  p r o p e r t i e s .  The main 
c o n c l u s i o n s  a r e  summarized i n  S e c t i o n  6 .  

The c a t h e n a t i c a l  model is  summarized i n  S e c t i o n  2, t he  p h y s i c a l  rzodel 

2. P4athematical Model. 

T h i s  s t u d y  u s e s  t h e  one-dimensional time-.i.rdependent hydrodynamic 
e q u a t i o n s  i n  the  forms s u g g e s t e d  by L i r s c h f e l d c r  and C u r t i s s  
C o n t i n u i t y  of s p e c i e s  i: dGi / dZ = rAiRi / :.I ( l a )  

Energy ba lance :  dT / d Z  e: 

P = n R T  

Gi P t h e  f r a c t i o n a l  1naS6=flO*# rate cj' sp?::i.;s f = m.n,v. / M 
where 

1 A . l  

m - t h e  mass of s p e c i e s  j i n  g./ si.;- 

n . :  t h e  c o n c e n t r a t i o n  o f  s p e c i e s  j i.. n o l e c * ~ l r ; /  cc. 
j '  

J 
v - t h e  average v e l o c i t y  of p a r t i c l c .  of t g ; : .  j w i t h  zL;p?ct t o  a f i x e d  
j'  a x i s  system. - M: t h e  t o t a l  mass-flow r a t e  with rcc. ,-ct t o  a f i x e d  zxis system = ~ . n  .E .v  

Dij: t h e  b i n a r y  d i f f u s i o n  c o e f f i c i e n ,  f o r  tLe >air  i, j i n  cm?-sec. 
J J J J '  
-1 

x j  = n j  / n, the  m o l - f r a c t i o n  of s p . . i e c  j 

n: t h e  t o t a l  c o n c e n t r a t i o n  i n  moleci-lea / cc. = 2 n 

H * t h e  en tha lpy  of s p e c i e s  j i n  caL. / gin01 

A: t h e  t h e r m 1  c o n d u c t i v i t y  of t he   as mixture  i n  ca1.-cm. -sec.  -deg. 

P: t h e  p r e s s u r e  i n  a t m .  

R: t h e  i d e a l  gas c o n s t a n t  i n  cc.-atn.-deF;. -m~mol 

T :  t h e  a b s o l u t e  tempera ture .  

j j  

j' 
-1 -1 -1 

-1 -1 



7 1  
n i he  a n p r o x i m t i o n s  r e q u i r e d  t o  d e r i v e  t h e s e  equaz ions  have been d i s c u s s e d  

clsc;.!iere 2.  nocever,  f o r  t h e  ozore f l a n c ,  s p e c i a l  j u s t i f i c a t i o n  is rer -u l red  
for t h c  o z i s s i o n  of t e r n s  i n  1cineiis-cner;y of gas flow i n  the  e q u a t i o n  of 
energy ba lanceB (cf. S e c t i o n  41, 

by a n  a sympto t i c  approach t o  chemic&, t h e r n a l ,  and d i f f u s i o n  e q u i l i b r i u m  
The Hi r sch fe lde r -Cur t i s s  mod. 1 .ssumes t h a t  t h e  ho t  boundary is  de f ined  

1 ,  

The co ld  boundary jsdef ined  by a non-zero va lue  of t h e  t e n p e r a t u r e  g r a d i e n t ,  
I '  

(dT / d Z ) z  co ld  > o  ( 3  1 

z c o l l :  co ld  boundary, 
and t h e  c o n t i n u i t y  of the  f r a c t i c n a l  mass-flow r a t e s .  

u r z p c c i f i c d .  For one c l a c a  of i d c a l i z o d  G y S t C : z C ,  it ha6 been shown that: ( z )  
t h e  d i s c o n t i n u i t y  e x i s t s ;  (b )  its z2gni tude  depends upon (dT / dZlZ cold. The 

l n t t c r  q u a n t i t y  can be va r i ed  over a range of vc lucs  which w i l l  l e a v e  the  
d i s c o n t i n u i t y  e x p e r i z e n t a l l y  i n s i g . i i f i c a n t  and c.hich w i l l  n o t  a f f e c t  t h e  flzme 
s o l u t i o n  as rLuch as 0.01::. 3 

It hzs  been shonn t h a t  I( can be viexed as a n  e igenva lue  t o  be a d j u s t e d  i n  
f i t t i n :  t h c  cold-boundary c o n d i t i o x i  on t h e  f r a c t i o n a l  mass-flow r a t e s  f o r  one 4 of t h e  Lajor c o n s t i t u e n t s  of t h e  f u e l .  

';he s .01- f rac t ions  may be s u b j e c t  t o  a d i s c o n t i n u i t y  and a r e  n a t h e a a t i c a l l y  

3. Phys ica l  ;:ode1 and Xuncr ico l  Pa raue te r s .  

A c r i t i c a l  revievi of c x p e r i e e n t a l  s t u d i c s  of oxygen and ozone-oxygen 
suppor t ed  H i r s c h f e l d f r  and. C u r t i s s '  6 cho ice  of the  r e a c t i o n  k i n e t i c s  5 

t h r e e  fo l lowing  r e a c t i o n s  t o  d e s c r i b e  t h e  ozone flame: 

(1) o3 + I4 

( 2 )  o3 + 0 t" 202 

o2 + 0 + K (4) 

(4) 20 + M 2 O2 + M. 
f Let: f .  ( f r  ) :  s p e c i f i c  r a t e  w i th  r c s p s c t  t o  c o l - f r a c t i o n s  f o r  t n e  i - t h  (5) 

The s T e c i f i c  r a t e s  have been a s s i g a e c  a 3 n c t i o r ; a l  form reconmended f o r  u se  
i n  f l a w  s t u d i c s  7 

' ' for.:;arc ( r e v e r s e )  r s c c t i o n  ct a t o t a l  p r e s s u r e  of 1 z t n .  

I I: ( T )  = a: ~~i exp ( -  E :  / T I ,  

a:, b i ,  6 ; :  cons tan t s .  

If t h e  r e a c t i o n s  occur  at  a r a t e  which a1lo:is approx ina te  e q u i l i b r a t i o n  anong 
the  s t a t e s  of the r e a c t i n g  specie; ,  then  ~ C , O  fori%;ard and r e v e r s e  r a t e s  must 
approximate ly  s a t i s f y  t h e  thermody:iazic rqun t io r .  

p = f ,  r ( 6 )  

K Z :  t h e  e q u i l i b r i u m  c o n s t a n t  w i th  re.xPcc1; t a  mol - f r ac t ions  . f o r  t h e  &-th r e a c t i o n .  

changed f o r  c o l - f r a c t i o n s .  5a 
The equa t ions  g iven  In t h e  r,oviecr f o r  t h e  e q u i l i b r i d n  c o n s t a n t s  were 

The ? a r a m t e r s  a r e  zecorded  i n  Table  1. 
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Table  1 

P a r a n e t e r s  I n  Mol-Fract ion Equ i l ib r ium ConLtants A t  2 = 1 a t m .  

Reac t ion  ax i bx 1 €; 

(+4) + 1.2920 85 

2 1+2) + 6.0937 32368 (-1) - 7.5 ( + 4 )  - 4.6783 15 

4 (-4) + 4.7609 - 76251 (+O) - 1.0 (+4) - 5.9704 00 

-- 1 t+6)  + 1.2799 323L7 (-1) + 2.5  

Legend-: The parameters  a r e  f o r  t h e  equa t ion  
X 

X K: = a); ~~i exp ( -  e i  / T I .  

The r e a c t i o n  numbers r e f e r  t o  Eq. ( 4 ) .  

(fz) y.yy is 

The e q u a t i o n s  for r e a c t i o n s  (1: Y = 0 ) 
rev iew 5b and changed f o r  mol-fracLiuns. d e  
r e v e r s e  r a t e s  were o b t a i n e d  from tlit data of 
i n  Table  2. 

(y.yy) x 10''. 
f 

1 

i 

I and ( 2 )  were taken f r o u  t h e  
thermodynaEica l ly  c o n s i s t e n t  
Tab le  1. The r e s u l t s  a r e  shown , 

f 

Table 2 

Parameters  I n  Sq. ( 6 )  F o r  Nol -Frac t ion  S p e c i f i c  R a t e s  When? = 1 a t m .  

i P ap i bf E;  . 
f (+12) 1.s - 2.0 (+4) + 1.23 

r (+6)  1.546 % 5 j ,  - 2.25 ( + 2 >  - 4.90'. 2 
2+ f (t8) - 2.0 ( + 3 )  + 2.133. 

3 1, M=O 

(+4) + 4.691 615 
-_) 

r (+6) 1.325 9521 - 1.25 __  
1. - .. 

4, M=O' f (+12)  4.6 - 4..c' 0 2 

r (115) 9.661 883:; - ;.o (+4) + 5.970 if00 

Lcrcnd:  An e n t r y  ( Z Z )  y.yy aenott:s  the ~ : . : z e ?  (y.yy) ~10'~. A :;ne b e n e a t h  

d i g i t s  of a: o r  cp f o r  i = 1 , 2  i r . d i c s t * s  tks'i . ~ c c o r a i n g  t o  t!iL. revicv;, t h e  , 1 
d i g i t s  a r e  u n c e r t a i n .  They a re  r c t a i n e d  t o  !xi.z:ain thcrmodynru;ic cons is tency  
t o  e i g h t  s i g n i f i c a n t  f i g u r e s .  

i ' l i thin the accu racy  o f  cxiGtinG dnia, 2 

+1,02 

- - !.P - Al, l ;  / f:+ in cor . s tmt .  

a = 0.33 5c . a. Y I ~ S  a r b i t r a r i l y  acsiGiied t ? ~ e  v a l u e  a. = I,?. 
The s p e c i f i c  r n t c o  f o r  r e a c t i o r  2 :ire f o r  t k c  conscxpt ion  of 0: i=, 

one-ha l f  o f  t h e  ~ ' a t e s  f o r  the p rcduc t ion  of 0 ). 

* '  The s p e c i f i c  r a t e s  f o r  r e a c t i c . n  4 a r e  f o r  t h e  pi-oduction of C,, e, 
one h a l f  o f  t h e  v a l u e s  f o r  t h e  conscription o f  0 .  G , , , ~ : =  f l i  ,!,. / A ! : , ~  

assumed t o  be c o n s t a n t .  The fo l lowing  V a l C i . i i  wcre u r b i  t r n r i l y  n:,su::ed: 
a4,03 = 2, 

., 
I 

l' 2 

y- c 
.'Id 

P e:; 

? 2 

1 
a4,0 = 1.33. ... 



i 
S c v c r ~ l  i 2 v s s t i ; a t o r s  have publisl:.-d d a t a  on r e a c t i o n  ( 4 )  s i n c e  t h e  p r e p a r a t i o n  
of t h e  review. Unfo r tuna te ly ,  t h e r e  is on ly  o r d e r  of magnitude agreement f o r  
s p e c i f i c  r a t e s  as shown i n  Table 3. 

Table 3 
-2 -1 

R c  S c r e n c e  
kf cc?-nol -sec. a t  4,N 

4' I .  L83 s9 7 

xe 1 .3  - 
02 
0 14. 13 

a - 0.52 

4.6 1.6. 

3500° 
LO3 

0.45 

4.8 
9.9 

- 
I 

Legend: The d a t a  a r e  t aken  from referenceL8].  They a r e  f o r  
f 2 ,  d -LO2] / d t  = lc4,K Lk43 [To 

The most r e l i a b l e  de t e rmina t ions  of recombina t ion  r a t e s  have been made 
by i n s e r t i n g  d i s s o c i a t i o n  r a t e s  measured i n  a shock tube  i n t o  t h e  thermodynanic 
equa t ion  be txeen  forward and r e v e r s e  r a t e s .  The a p p l i c a b i l i t y  o f  t h e  e q u i l i b r i u m  
r e l s t i o n  hoc been chcckcd i n  shock  tube  c t u d i e o  o f  t h e  coup l ing  between 
d i s s o c i a t i o n  and r c c o c b i n a t i o n  l1 . Under t h e  c o n d i t i o n s  of t h e  expe r inen t ,  t he  
v i b r a t i o n a l  r e l a x a t i o n  i n  d i s s o c i a  as s u f f i c i e n t l y  r a p i d  
t h a t  t h e  coup l ing  was cornpletely n 

t h e  e q u a t i o n  sugges ted  by r e f e i c t c  opted. It should  be 
recoSnized  t h a t  t he  tcngcr&tui*c C.2 t i o n  ::as s e l e c t c d  
a r 5 i t r a r i l y  by the  a u t h o r s  on ;:?c 
f o r  rcco:>bix:ation c;r6 chznzid  f o r  ' cl.!,h 1x01-fractions and t h e  t hem:odynonically 
c o n s i s t e n t  d i sGoc ia t ion  r a t e  v:zs o3:zine i us ing  t h e  p a r a n e t e r s  o f  Tabie  1. The 
r e s u l t s  a r e  r eco rded  iE Table 2. 

e q u i l i b r i u m  va lues  as Z+ + a, becnusc of tl:e large a c t i v a t i o n  e n e r g i e s ,  t hey  
oonld  n o t  be expec ted  , t o  a f f e c t  th.2 f i r c ; c  f e n  d i g i t s  i n  c a l c u l a t i o n s  a t  any o t h e r  
p o i n t  in t h e  flaffie. Cocparisons c i t h  ra tes  used-  i n  p rev ious  t h e o r e t i c a l  s t u d i e s  
a r e  made in S e c t i o n s  (5.1, 5.6). 

They will be t a b u l a t e d  for r e fe rence .  

S ince  i t  seerced d i f f i c u l t  t c  ly more r e l i a b l e  value, 

r e s u i t s .  T h e i r  equa t ion  

:?,rhile r e a c t i o n s  (2) and (8 )  are in:,:srtant lor d e t c r m i n a t i o n  of t h e  asyf f ip to t ic  ' 

The t r a n s p o r t  c o e f f i c i e n t s  suzges t ed  i n  t h e  review 5 have been adopted. 

Table Lr 

Parameters  For  Binary D i f f u s i o n  C o e f f i c i e n t s  A t 3  = 1 a t m .  

P d  dp2x10 5 C E I . ~ -  sec. ' -1 - deg. -3/2 d $ ; ~ l O - ~  deg. 

O2 O 3  
O2 O 
0 0- > 

- 4.59 
7.36 
5.81 
Y 

- 

1.808 

- 1 .!t71 
- 
1.808 - 

Lecy@: The p a r a n e t e r s  a r e  t aken  from t h e  r e v i e ~ [ 5 ~ 1  f o r  u se  in- ' the 

A l i n e  benea th  a d i g i t  i n d i c a t e s  t h a t  i n  t h e  rev iew t h a t  d i g i t  w a s  
t o  be u n c e r t a i n .  

e m p i r i c a l  

cons ide red  
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O 2  

O 3  
0' 

I 

Table  5 1 
Parameters  For  The Thermal Conduct iv i ty  of The Pure Gases 

a ( ca l .  -cm. 'l-sec. -1 -6eg. -',)de gT1I2 b°K c°K 

265.9 10' 6 6 .726~10-  

10 - 467 - 
400 0 

1 

1 
sged-: The parameters  a r e  t a k e n  from t h e  review 5e f o r  u se  i n  t h e  e m p i r i c a l  
e qua t ion  

A l i n e  undernea th  a d i g i t  i n d i c a t e s  t h a t  i n  t h e  review t h a t  d i g i t  was.considered 
t o  be u n c e r t a i n .  
As a r e s u l t  o f  an e r r o r ,  parameterfi f o r  0 a t o g  were used  which p r e d i c t  a lower 

thermal  c o n d u c t i v i t y  f o r  0 t h a n  for 02. A t  1097 , where xo has  i t s  maximum, the  
thermal  c o n d u c t i v i t y  f o r  0 is about  a f a c t o r  of 3 s m a l l e r  t h a n  r e c e n t  t h e o r e t i c a l  

I 

r. 

), 

I 
~ 

' 
J 
1 

-1 a = a T ~ ' ~ /  f1 + bT exp I: -cT-linlO 13 . 
c 

e s t i m a t e s .  However, t h e  maximum i n  x is l e s s  t h a n  t h r e e  pe r  c e n t  and the  
e s t ima ted  e r r o r  i n  Amix is  on ly  2.6?'! 

The thermal  c o n d u c t i v i t y  of  t h e  gaseous mixture  !as es t ima ted  from t h e  
thermal  conduc t iv i ty  of t h e  pure components by t h e  s imple  l i n e a r  combinat ion 
r u l e  5f : 

XIntx = 5 Ai x i .  (8) 
The e n t h a l p i e s  were assumed t o  be l i n e a r  f u n c t i o n s  of tempera ture  g iven  

1300 K ,  13OO0KJ, rounded t o  t h e  n e a r e s t  one-quar te r  i n  CJR. 
by t h e  review 5g . Tge v a l u e s  used f o r  t h e  hea t  c a p a c i t i e s  were averages  t aken  
over  t h e  range  
The parameters  a r e  summarized f o r  r e f e r e n c e  i n  Table  6 .  

Table  6 

Parameters  For The Entha lpy  Equat ions  

OC Hc (1300°) c a l  ./ gmoL C, /R 

O2 (+4)  1.0042 - 2 4.0 
0 ( + 4 )  6.5636 2.5 3 

1 

i 
/ 

6.25 
1 
I 

<' 

(+4) 4.9359 O3 
Legend: The parameters  a r e  f o r  H r C ( T )  = H,: (1300') + C ,  (T-13iO0°>. 

( 2 2 )  y.yy denotes  t h e  number (y.yy)xlO*'. The review 5g cons idered  the  unde r l ined  
d i g i t s  t o  be unce r t a in .  

1 

i 

The total mass-flaw r a t e ,  M, is  an  e igenvalue .  The va lue  r e q u i r e d  f o r  .1 

1 
s o l u t i o n  of the  flame e q u a t i o n s  can be compared w i t h  one c a l c u l a t e d  frorr. tile 
expe r imen ta l  burn ing  v e l o c i t y  ,v(Z ) , 

C 

M = P(Z,) v (Zc) ( 9 )  
p (2 1: g a s  d e n s i t y  a t  t h e  burner  in g./cm 3 . 

C 
~ ( 2 ~ ) :  mass average  v e l o c i t y  a t  the  bu rne r  i n  cn./sec. 

Xc :  t h e  ( a r b i t r a r y )  d i s t a n c e  coord ina te  f o r  the  burner .  

mix tu res  1' . T h e , d a t a  in t h i s  paper  a r e  f o r  t h e i r  mix ture  wi th  t h e  parameters  
S t r e n  and Grosse measured t h e  burn ing  v e l o c i t y  of a s e t  of ozone-oxygen 

/' ' 
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k 

! 

v(zC)=  52.2 cm./sec. 
1 

The Hi r sch fe lde r -Cur t i s s  mod31 for t h e  flame h o l d e r  has  been shown f o r  
one i d e a l i z e d  f l a n e  t o  r e q u i r e  an  expe r imen ta l ly  n e g l i g i b l e  d i s c o n t i n u i t y  
i n  t h e  mol- f rac t ions  a t  Zc (vide Sec t ion  2). Thus, f o r  t he  ma thena t i ca l  model 

t he  mol - f r ac t ions  of Eq. (10) represent&Ec X, (2) # l i m +  X, (2). The r e -  
Z->Zc 

na in ing  boundary v a l u e s  were c a l c u l a t e d  us ing  t h e  boundary c o n d i t i o n s  f o r  t he  
n i r s c h f e l d e r - C u r t i s s  model (cf. Sec t ion  2) .  The e n t i r e  s e t  of va lues  is 
s u h a r i z e d  f o r  r e f e r e n c e  : 

- -2 -1 M = 0.07736 g.-cm. -sec. 

2 = zc l i m  8-> + cg 

0.0 GO 

GO, (-1) 6.315 7895 
c 

(-1) 3.684 2105 

T+ (+2)  3.00 ( + 3 )  1.344 2328 
11 

4. Xethods of Nuiie-icsl Integmtio: : ;  Chcrac te r  of t h e  Eizenvalue  Problem. 

P rev ious ly  publ i shed  techniques13  were used t o  c o m t r u c t  a Tay lo r  S e r i e s  
:>I chc t h i r t i e t h  o r d e r  about  t he  hot  boundary t e n p e r a t u r e ,  Tmal (which i s  a 

s i n g u l a r  p o i n t  of t he  d i f f e r e n t i a l  cqua t ion  sys tem) ,  as a l o c a l  s o l u t i o n  
over  a n  i n t e r v a l  

2 8  
( =  Z )  y.yy denotes  t h e  number (y.yy) x 10 . 

+ ,:kis va lue  co r re s2ords  t o  (dT/dZ)Z = 0, The a c t u a l  va lue  o f  T(Zc) m u s t  
s u c h  t h a t  (dT/dZ)z has a pos i t$ve  value.  The e x a c t  va lue  is of no 

iz.portance 3 0 C 
* *  I n  o r d e r  t o  s c a l e  t h e  magnitudes of s u c c e s s i v e  poner s e r i e s  c o e f f i c i e n t s ,  

i t  is e s s e n t i a l  t o  u6e a reduced temperature .  t = (T-Tmax )/Tmax h a s  been 

found t o  be a s u i t a b l e  choice  4* . 

I. 
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Mathematical  i n s t a b i l i t y  of t h e  e q u a t i o n  sys tem 4 p r e v e n t s  c o n t i -  . ,  

The po*:fer s e r i e s  c o e f f i c i e n t s  were checked by a t e s t  which has been 
used r e p e a t e d l y  t o  d e t e c t  any  e r r o r s  of i n c o n s i s t e n c y  13a . 
n u a t i o n  of t he  s o l u t i o n  from T1 by a s t r a i g h t f o r w a r d  a p p l i c a t i o n  of con- 

VentiOnQl methods of numer i ca l  i c t e g r a t i o n .  A l t e r a t i o n  of t h e  l a o t  of e i g h t  
d i g i t s  i n  s i n g l e  p r e c i s i o n  computer c a l c u l a t i o n s  was s u f f i c i e n t  t o  cause 
t h e  s o l u t i o n  t o  d i v e r g e  e i t h e r  p o s i t i v e l y  or n e g a t i v e l y  a l o n g  a 6 r i o r i  r i d i -  
cu lous  cu rves  (*, dG /dT) goes t o  z e r o  i n  the  h igh  t empera tu re  r e g i o n ) .  

Fur thermore ,  t h e  f i r s t  s t a g e  of  a prev ious ly  publ i shed  method of s u c c e s s i v e  
approximc;ition could  be c o n s t r u c t e d  over only  o. p a r t  of t h e  rercaining tem- 
p e r a t u r e  range o f  i n t e r e s t  . There fo re ,  t h e  r e s u l t s  d i s c u s s e d  i n  t h i s  
paper  were ob ta ined  by f u r t h o r  developnient of p rev ious  work l4 . A computer 
program vias developed i n  which t h e  nachine made t h e  necessa ry  l o g i c a l  
cho ices  t o  c o r r e c t  i t s  i n t e g r a t i o n  and t o  follow t h e  d e s i r e d  s o l u t i o n  15 . 
The v a l i d i t y  of t h e  p rocedure  was t e s t e d  wi th :  (a) t h e  check d i s c u s s e d  a t  
t h e  end o f  t h i s  S e c t i o n ;  ( b )  compsrir;on of t h e  s o l u t i o n  w i t h  t h a t  ob ta ined  
by t h e  f i r s t  s t a g e  of t h e  s u c c e s s i v e  approximat ion  technique .  Over a ten- 
p e r a t u r e  range common t o  b o t h ,  t h e  d i f f e r e n c e  between t h e  f u n c t i o n  v a l u e s  
f o r  t h e  two s o l u t i o n s  was at most a Zew p c r  c e n t  * . 

A l l  prev ious  c a l c u l a t i o n s  on ozoae which t o  k d i f f u s i o n  i n t o  account  
were based e i t h e r  on t h e  k i n e t i c  s t e a d y - s t a t e  18919 or on improved a lge -  
b r a i c  approximat ion  r e l a t e d  t o  t h z  k i n e t i c  s t e a d y - s t a t e  20 which gave so- 
l u t i o n s  approximate ly  f o l l o w i n g  t h e  k i n e t i c  s t e a d y - s t a t e .  It  h z s  been s h o m  I 

t h a t  4 : ( a )  t h e  k i n e t i c  s t e a d y - s t a t e  i n s u r e s  
approximat ion  t o  t h e  boundary conl i t ic rn  Go = 0; (b) with t h i s  approx iwi t ion  

any  t h r e e  component sys t em r e q u i r 2 s  oaly tl. s i n g l e  e igenva lue ,  1.1. 

approxirrmtion t o  t h e  k i n e t i c  s t e a d y - s t a t e ,  i t  is s u r p r i s i n g  t h a t  . t he  s o l u t i o n  
f o r  t h i s  mix ture  could  be c o n s t r u c t e d  w i t h  I? as t h c  sole e igenva lue .  The b a s i s  C 

f o r  t h e  las t  s t a t emen t  c o n s i s t s  of t h e  f o l l o n i n c  f a c t s :  (1) S t a r t i n g  v a l u e s  
a t  T1 o f f  t h e  ho t  boundary which g i v e  neEat ive  or p o s i t i v e  d ive rgence  agreed  : 

with  t h e  5um of t h e  series cons t rdczcd  a t  T4-,, t o  - x i t h i n  one u n i t  i n  t h e  e i g h t h  
d i g i t ;  ( 2 )  S o l u t i o z s  which a p p r o x i r n t e l y  sakary  the co ld  boundary c o n d i t i o n s  
Go = 0, X 0 were o b t a i n e d  ( i n  t he  s e n s e  t h a t  (a) xo and IG,l decreased  t o  ! 

l e s s  t h a n  0.01 of t h e i r  maximum v a i c e s ;  (b) I n e p e c t i c n  of t he  bounding cu rves  , 

shoved t h a t  t h e  r a t i m v r o u l d  have boen l o a c r e d  i f  t h e  bounds were brought 
c l o s e r ) ;  ( 3 )  14 could be a d j u s t e d  t o  f i t  Gg (Zc). 

" ,  

3 0 

4 

I 

s o l u t i o n  w i t h  a s a t i s f a c t o r y  

S i n c e  t h e  p r e s e n t  c a l c u l L t i c 3  :.either ass-xes nor p r e d i c t s  any r easonab le  

0 

3 
Conversely,  f o r  r i c h e r  ozone :lams (i.., h i g h e r  Tma;:) c a l c u l a t i o n s  

a l r e a d y  pcrformed show t h a t :  (1) t t e  s e r i e s  s o l u t i o n  inc1udir.F: S:.: t e r m  i n  
some c a s e s  p r e d i c t s  s t a r t i n g  va luoc  :.rhich d i f f e r  by a f a c t o r ; ( 2 )  i t  seen& in- 
p o s s i b l e  t o  f i t  t h e  co ld  boundary value on G (Zc) and Go u s i n g  only  a s i n g l e  

e igenva lue  and t h e  e q u a t i o n s  p r e s e n t  a tvio e igenva lue  problem. 

I n  prev ious  s t u d i e s ,  s imilar  n u n e r i c a l  t echn iques  were a p p l i e d  t o  a hypo- 

1. 

O 3  

t h e t i c a l  flame ( w i t h  t h e  d i f f e r e n c e  t h a t  all d e c i s i o n s  vicre madc c a n u a l l y ) .  
A similar com arison s u p p o r t e d  t h e  v a l i d i t y  of t h e  s o l u t i o n  f o r  t h e '  i d e a l i z e d  
sys tem 14b* E7 . 
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Cor.trary t o  p rev ious  b e l i e f  18, 19' 20' 21 , i t  seems t h a t  a s i n g l e  

ci;eLvalue e p p r o x i m t i o n  is adequate  on ly  f o r  (a) s u f f i c i e n t l y  l e a n  flames,  
o r ,  ( b )  a n  i n c o r r e c t  approximat ion  o r i i t t i n g  t h e  k i n e t i c  energy te rn  i n  the  
equa t ion  of energy ba lance  f o r  r i c h e r  flames.  

5. Discuss ion  of Resu l t s .  

5.1. Frec  R a i i c o l  Curves; A p p l i c a b i l i t y  of the K i n e t i c  S teady-Sta te  Appro- 
x i n a t i o n ;  Comparison K i t h  Otner  Ca lcu la t ions .  

Consider a n  i n t e r m e d i a t e ,  &,whose n e t  r a t e  is given as a sum of r a t e s  
f o r  forward and r e v e r s e  r e a c t i o n s  

S ince  t h e  k i n e t i c  s t e a d y - s t a t e  approximat ion  

R o C  = 0 

has .been  f r e q u e n t l y  used t o  de te rmine  doc 

adequacy of the  approximation i s  g i v e n  by a r e l a t i v e  d e v i a t i o n ,  rK 
, a convenient  measure of t h e  

, d e f i n e d  
as 3a 

c 

Graph (1) she+ t h a t  ro is of t h e  o r d e r  of u n i t y  f o r  cost of t h e ,  flame 60 

t h a t  t h e  k i n e t i c  s t e a d y - s t a t e  is a o t  a i ; z*< .~ l  appzo::ination for c a l c u l a t i o n s  
vhich  are a t  a l l  s e n s i t i v e  t o  t h e  p x f i l e  k. (T) .  vox Xa'rm& 2nd Tenner L-Zl8 
con jec tu red  t h a t  t h e  npproxi rn t io : i  m s l d  >e u s e f u l  . i n  . c a l c u i c t i n g  burn ing  
v e l o c i t - i e s .  S ince  t h e r e  i s  evidcncc  f;h2'; flaqe.  speeds  are cc::.y.xntivcly 
i n s e n s i t i v e ,  t h e i r  sugges t ion  s e c . 1 ~  :a be u s e f u l  f o r  rouz:? n??m:iiz:ations. 
Thus, p rev ious  c a l c u l z t i o n s  on an i d o r l i - x d  sys tem sh0ii:i- tk:t 1.i v a r i e d  by 
on ly  a f a c t o r  of about  0.75 n i t h  chanzc:; i n  k i n e t i c  a c d  t i f z c s f o n  p a r a s e t e r s  
vh ich  renoved any a p p r o x i o a t i o n  t o  t l i c  k i n e t i c  s t e a d y - s t z t e -  (g .  S e c t i o n  5.6). 

f o r  a f i x e d  s e t  of pararzeters,  t h e  u s e  of t h e  s t e a d y - s t a t e  approx ina t ion  n i g h t  
g ive  a r e s u l t  of t he  r i g h t  o r d e r  of r : r .p i tude  even i f  i t  grossl:? d i a t o r t s  
p r o f i l e s .  

has  been a t t r i b u t e d  t o  t h e  k i n e t i c  s zoady- s t a t e  approximat ion  +. S i c c e  

*:':hen von Xa'rrLn and Penner l8 infc:*i:..-eted the  e x i s t e n c e  of a maximum i n  t e r n s  
of t h e  k i n e t i c  s t e a d y - s t a t e  appr  t h e y  c o n t r a s t e d  t h e i r  suGc;es t i o n  
viith H i r s c h f t l d e r  and C u r t i s s '  2 t a t i o p .  Hooevcr, t h e  c o n t r a s t  xas 

rc:..son f o r  t h f s  ir; tk.7.t t h e  f r e e  i n  t h i s  c a s e  oxygen atoms, are essen-  
t i a l l y  i n  equi1 ibr iu : i  v i t h  f u e l  ITI n t h e  r e g i o n  of t h e  h o t  boundary. This 
is t h e  s i F n i f i c a n c e  o f  s e t t i n g  K1 r s c h f e l d e r  ana C u r t i s s '  n o t a t i o n ,  IC1 is 
t : ic  n e t  r a t e  of 0 a t o n  prOdUctiOn,EG t h a t  K -0 is j u s t  t h e  k i n e t i c  s t e c d y - s t a t e  
a sn rox i r . a t ion .  
+See 'L'ostenberg and F r i s t r o m  l6 , p.51>8 f o r  comments on  expe r imen ta l  s t u d i e s  which 

3 . .  

n  he ' a s s u q t i o n  t h a t  a similar r e s u l t  t d d s  f o r  t h e  o,zone i l ~ m  su,-ge.-t$; :hat, 

The e x i s t e n c e  .of a s i n g l e  intel-i-,zl naxbum i n  an i n t e r n e d i a t e  mol - f r ac t ion  

- 

. based on an  i n c o n p l e t e  pa rzphras  i t t e d  t h e  words i n  i t a l i c s :  ''The 

1- 

1 have s h o i n  m a x i m a  i n  r a d i c a l  c o n c e n t r a t i o n s  and f o r  r e f e r e n c e s  t o  t h e  l i t e r a t u r e .  

I .  
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Graph (2)  f o r  xo( T) shows such  E.  ni::rinum in t h e  absence of t h e  k i n e t i c  s t e a d y -  

a t a t e  * t h i s  i n t e r p r e t a t i o n  must be abandoned. However, a n o t h e r  one which 
p r e d i c t s  a s i n g l e  i n t e r n a l  maximum for a wide class of i n t e r m e d i a t e s  
apply .  Furthermore,  i f  

1 
3 d o e s  

4 

1 

an arbitrcx:{ o r i g i n ,  
t h e n  Graphs ( 2 )  of xo( 21, ( 3 )  of  ::(.,( $>, and (4 )  of dt/dZ show t h a t  t h e  

p r e v i o u s  c o n j e c t u r e  
ozone f lame:  d e s p i t e  t h e  s t e e p e r  '-:, ii;rzdient on t h e  hot  s i d e  of  t h e  naxinum, ! 
t h e  l a r g e r  5 g r a d i e n t  l i c s  on t t c  co ld  ~ i d c  (due t o  t h e  r a p i d  i n c r e a s e  i n  
dt /dZ i n  t h e  r e g i o n  o f  r a p i d  c h e t . i c d  r e a c t i o c ) .  

s t e a d y - c t a t e  d i f f e r  q u a l i t a t i v e l y  ~ t h e  assu?.pt ions of e a r l i e r  s t u d i e s  2 3 * 1 9  : 
and t h e  conclus ions  of a t h i r d  2 c ~ ~ o ~ h c  c x t r e z c l y  l a r g e  d e v i a t i o r s  reported ' 

h e r c  would have been somcrihat 1O;:e:: F L . ~  t h c  r e g i o n  about  t h e  hot  bourdnrjr I f  
t h e  o l d e r  s p e c i f i c  r a t e  f o r  0 atc:n rb?cozbinat icn had been used. I n  t h e  e a r l i c r  < 
s t u d y  t h e  r econb ina t ion  r a t e  \;:as -iotors. inod f r o 3  Bq. (7) u s i n g  t h e  d i s s o c i n t i o n  
r a t c  c a l c u l a t e d  w i t h  t h e  pre-cxpc %!:i:tial I C L C ~ O I -  for t h e  s imple  b i e o l e c a l a r  / 

c o l l i s i o n  theory.  Subsequent  expe r :;its hove d1o:;n t h - t  d i s s o c i a t i o z i  r e a c t i o n s  ' 
have abnorna l ly  l a r g e  pre-exponer :?hl fe ic tc rs  -. Thus t h e  s a e c i r ' i c  rzcoabi -  

of  t h e  o r d e r  of 1000 at  400' +. 5; :Lta;z : l o i i c r  b w x d  on t h e  e f f e c t  of 
t h i s  d i f f e r e n c e ,  R& =, Ro + 2 R i  

3 f o r  such  i r - ' ce rnedis tes  a p p l i e s  t o  t h e  0 a t o n  i n  t h e  

These r e su l t s  on  t h e  s i g n i f i c : : n c e  of t h e  d e v i a t i o n s  f r o %  t h e  k i n c t k  

n a t i o n  r a t e  used vias t o o  lo*:r by c? ::,:ic.t~r 0: t h e  oreer o f  100 at  1250' and j 

c:.:: be cui..gutc.c! u s i n g  t h e  d a t a  of t h i s  s t u d y .  ' 

A t  a t empera ture  1200 o f f  t h e  h c ;  Zr;:int ':i L : Z C  of  29 r a t h e r  t h a n  R aould 

g i v e  a r e l a t i v e  d e v i a t i o n  o f  -0.1 5 ?.?xit:?:..L. si 4 - 8 3 .  
Iiovevcr, t h i s  d e c r e t c e  does  .I..';. alzk:: :>-a ::LLL'XZ~..-~ d l f i e r e n c c  which 

can  n o t  be  due t o  t h e  d i f f e r e n c e  2 C::JCT. i;?: s r s c i f l c  :-L':CL. a n t  t r a n s p o r t  
c o e f f i c i e n t s  adopted  i n  t h i s  stct ; .:.:xi thorrz or:scrcC ir. - 'p7. - -  id- c b  iolrs i n v e s t i -  
g a t i o n s .  T h i s  conc lus ion  was dedc  : :!L fror; 

3 0 
- .  

PSI : a l o c a l  so lu i ior -  a t  ,:h.: h o t  boandzry 

(17) 
i n  t h e  ior:n .IC :i tr:cr.tiet:? o r d a r  p o m r  
s e r i e s  coxt . :uc tod  : ; i th  t h e  e a r l i e r  s c t  
of .-?r....-<. ...- yu-cl..lUr.21 >. 

PS p r e d i c t e d  t h e  same q u i l i t a t i v , :  r e s u l t  found i n  t h i s  s tudy .  It is not 

xo, b u t  x which approximate ly  3 b e y e  t h e  s t e a d y - s t a t e  over a v i d e  t e n -  

p e r n t u r e  i n t e r v a l  about  the  hot  bou::dnry : 

1 

O 3  

T 2 1217 ( 7  0.88) : r f. 0.01 

T z 1167 ( 'Tz 0.83) : ro- 5 0.033 . O3 

3 

(13) 

B r 2  can be t a k e n  as a t y p i c a l  e::::-iple 

+ The s i g n  of t h e  tempera ture  cos : - ic ien t  was a l s o  wrong s i x <  t h e  e s t -  

24 . 
was made before  exper iments  e s t c i ' u l i s h e d  t h e  n e g a t i v e  texiipcrature c o c f f i -  
c i e n t  f o r  recombina t ion  r a t e s .  

r 



E7 
LLt.ic~;.i t:ie net  production r a t e s  of 0 and of 0 a r c  r e l a t ed  by t h e  equation 3 

R = Ro-2 (it,-i-Rlc) (19)  
O3 

X L  9 2-103R, 3 
X9 t o  zero a d  l e f t  Ro be non-zero. von Ka’mLn and Penner made this approximation 

;‘.1Ci1 t m y  rrcre atteni&!ng t o  s implify the  ozone equations i n  t h e i r  study of flame 
sgccds. They argued t h a t  R would be n e a i A i b l e  compared with o ther  react ions except 
i n  a t c q c r a t u r e  range about the  hot boundary which tney  fe l t  would be unimportant 
f o r  tale calcul- &ion of f lme  speeds. Szndri inde the  same approxirat ion inrh is  
c d c u l a t i o n s  iP’-r. According t o  t h e  r c s u l t s  of this study, a r s s i o n  of 5 alters 
3 by orders  of magnitude over t h i s  region. 

of an idea l ized  system would support the  contention t h a t  any change which l e f t  
R coxqaratively small could be expected t o  be without s ign i f i can t  e f f ec t ,  it does 

no? necessar i ly  follow t h a t  this could bc expected f o r  a d r a s t i c  a l t e r a t i o n  i n  Ro 
m l e s s  the  temperature ranse i t s e l f  vere  a negl ig ib le  f r a c t i o n  of t he  whole. 
Unfortunately, this approximation also gives an erroneous estimate of the  s i ze  of the 
tcspera ture  region. I n  any case, i t s b v L d  not be made i n  any study of flame s t ruc tu re  
and processes. 

through a temperature range of over looo, two of these  s tud ies  equated 

r 

While it i s  t r u e  t h a t  previous s tudies  
O3 

0, 

3 

w a s  used 
s t a r t i n e  

I n  the  t h i r d  stuciy, a Taylor s e r i e s  ,pnroximation using second der iva t ivss  
t o  pred ic t  values at T = T, ,_ -2’. 
from tnese valucn gave so1uLi3i> cumc:, w’nic., o sc i l l a t ed  v io len t ly .  

Ia-.:ent i n t eg ra t ion  with 2 degree in t e rva l s  
After a 

change t o  much l a r g e r  values  f o r  Go 

“ .r -,....- _ _  -^--i.l-, thn o s r i l l a t i o a c  i n  tn3  ea:-lier so lu t ion  were a t t r i bu ted  t o  the  
r.ucii too s m u  >- - 1 -  - - ’- ‘ ++ T w l o r  s e r i e s .  Ziis e m l m a t i o n  

slnd xo ga.?e so lu t ion  curves which vere  smooth 

“3 aoes not a2pear t O  b6 correc t  since: t ] ~ )  I L ~ ~ ~ C ~ L L J ~ ~  uL L ’ ~ ,  snowed t h a t  use of second 
cer iva t ives  gave s t a r t i n g  values  ce r t a i i  zo &bout one decimal, which were not of f  i n  
nsLnitude; (b)  
nei&hborbood of the  solu+‘cn deterniiiEC >J t h e  .lot boundary conditions a r e  so  
r.-tnexatically unstable I ‘I t h a t  the curves -re sens i t ive  t o  the last  of eicht d i g i t s  
ca r r i ed  i n  usuzl  computers. Tnerefore, they reqxire spec ia l  methods of solut ion 
(see Sect ion 4 ) .  The in t roduct ion  of the  l a r g e r  v d u e s  of Go and xo avoided t‘ne 

unstable  region i n  w‘nich G and xo are inc reas i ig  anti xo appJoximate3y follows a 
k i n e t i c  s teady-state .  
>: 
f?ame, x was c d c u l a t e d  not  from th:: ki.i=tic s teady-state  apgroximation but  from 
tne  equa9ion , 

This study has shwm Licit t h e  ozone d i f f e r e n t i a l  equations i n  the  

0 
Tiius these  lar&e,er values were rcsaonsible  for  me report  tha t  

has a maximum wi th in  tvo  degrees of the  JOT. boundary.. For t he  r eminde r  of t he  

d [xo/xo ss ]/dT = 0 4 d x /dT = [X /X ss 3 d xoss/dT 
0 0 0  

6 s .  xo . t ne  value of x givon by t‘ne k i n e t i c  s teady-state  approximation. 0 

Tne present  study shars  t h c t  tlGs riould not be usefu l  approximation f o r  a 
co lu t ion  determined by tkc  hot  boundzry c.nndition:;. I n  the  neighborhooc! of the  hot 
boundaqr, a k ine t i c  s teady-s ta te  i s  i. better approxiriation by two orders of magnitude 
f o r  xo tnan  f o r  xo. !bus f o r  such i cclut ion,  Eq. (20)  replaces  t h e  l a r g e r  

3 
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d [xo/x:Sl/dT by zero r a t h e r  than t h e  smaller d [x /xsslfdT. 
O3 O3 

The previous s t u d i e s  agree within &bout l3$ on predicted flame speeds 
(cf. Section 5.6) .  
discussed above d id  not g r e a t l y  a f f e c t  t h e  ca lcu la ted  flame speed, t h i s  could only 
b e  proven by repra t ing  t h e  present  ca lcu la t ions  for  t h e  o lder  parameters (cf. 
Sect ion 5.6). 

Although it may be t h a t  t he  assumptions and approximations as 

The following considerat ions suggested t h a t  it would b e  worth-while t o  
determine how a change i n  t h e  spec i f i c  r a t e  f o r  f ree- rad ica l  recombination would 
a f f e c t  t h e  calculated M. Table 7 shows t h a t  r a d i c a l  recombination provides one 
of the  most important terms i n  Ro, t he  net  r a t e  of 0 atom production, u n t i l  Ro 
becomes pos i t ive .  

rapid r i s e  t o  provide the  major change i n  Go . Therefore, it seemed poss ib le  t h a t  

a change i n  recombination r a t e  might s i g n i f i c a n t l y  a f f e c t  t he  te rqera ture  a t  which 
R becomes posi t ive.  The r e s u l t i n g  s h i f t  i n  t he  temperature at which G begins 

i t s  rap id  r i s e  would change M. 
recombination r a t e s  have a marked e f f e c t  uron burning ve loc i t i e s ,  x o n e  might be one. 

As this occurs,  Ro , and therefore  G begin a much more 
3 O< 

3 

O3 0 

This sug5estcd t h a t  i f  there  i s  any flame i n  wnich 

The t e s t s  were performed using sonewhat d i f f e ren t  f r e e - r a d i c a l  d i f fus ion  
c o e f f i c i e n t s  (cf. Sect ion 5 . 5 ) .  
spec i f i c  r a t e s  of Sect ion 3: 

Two d i f r e ren t  ca lcu la t ions  were made with the  

M 

0.07736 

0.149 

P E 14 Go ( Z c )  
3 

3.0jk90 (zi) 

0 .  ;59i8 

According t o  SectLon 5.6 t h e  product P c 1.  lie apsroziz!acec r o u ~ n i y  2 s  a l i n e a r  fUnCtiGn’ 
of  Go (Zc).  A s t r a i g h t  l i n e  through th data  of Sq. (21) gave 

3 e 

P = 0.05958 M = 0.1617. ( 2 2 )  
I 

A t h i r d  c a l c u l a t i o n  with dou?& . r a t e s  f o r  atom recombination and dissocia- 
t i o n  and t h e  sane value of M gave: I 

M = 0.149 Go (Zc) - 0.3966 P = 0.05939. (23) ” 
3 

The assumption t h a t  d P/d GO3 :Lc) woula be about t h e  5w.e f o r  t ne  d a t r  
I 

of  Eqs. (21,23) gave 

P = 0.05981 M = 0.1623, (21) 

Thus a two fo ld  increase  i n  1 I rccoubination r a t e  gave on ly  a J.4.; 
increase  i n  M. Therefore,the s e n s i t i v i t ,  t o  f r e e - r a d i c a l  recombination and 
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d i s s o c i a t i o n  r a t e s  app1;ars to be of t he  :--me o r a e r  f o r  the  ozone systeni and f o r  a 
previously studied f r e e - r a d i c a l  syste:n "",. 
i n  t h e  free-radical  spec i f i c  r a t e s  i n e r e x e d  14 by a f ac to r  of about 1.3. 
of t h e  ca lcu la t ions  suggests t h a t  t h e  t j . ' i ' e rence i n  t h e  d i rec t ion  of t h e  s h i f t  can 
be a t t r i b u t e d  t o  t h e  f a c t  t h a t  an increr-:;e i n  f ree- rad ica l  rates '% ozone dis turbs  
the  k ine t i c  s teady-state  approximation fS,,r 0 

I n  the l a t t e r  flame a 300 fo ld  decrease 
Ins2ection 

i' i n  t he  region about t h e  hot  boundary. 3 
1 

-1 

5.2 Energy Transfer;  Constant Specific: nthalpy Aaproximation. 

For considerat ion of t h e  rei:,-, i ve cont r ibu t ion  vhich var ious physical  1 

f' processes make t o  e n e r a  t r a n s f e r ,  t h e  xrms i n  the energy balance equation ( I C )  
w i l l  be regrouped. Since t h e  equation Jswmes an asymptotic approach t o  t h e m a l  and ~, 
di f fus ion  equilibrium as 2 - + m, t he  cxrm conservation can be conveniently expressed 
i n  t h e  form A 

I 

j 4 M T i  H.G. /mi - A riT/dZ = " w m  iHiGi/mi 1 1  

= M @ (H/m) 

H = Z i ~ i ~ i  = e liaaipy/mol 

i 

I 
1 The f i rs t  term i n  Eq. (25)  ::. ..: -!le v r l t t e n  as the  sum of a t e r n  due t o  

d i f fus ion  and a convection term due -L, 2ic t:e:;s averaze gas  veloci ty:  

M (H/m) i n 2 i H i ~ ,  :. - A oP/dZ I - _  
= FI (ii/r.) 

: t he  d i f fus ion  v:l-ocity 01' s3ec;es i. vi 

(26 )  ,: 
.I 
1 

I n  order  t o  show Yne re1ati.n:. ~ > p o r ' a n c e  ol tine th ree  processes i n  dimension- 
less units, the  followinc r a t i o s  have L c c n  grzphed: 1 

Convection T z  r E i , 3 i  
RCoNV = Conduction Tcni  h 

* I n  t M s  system, Reaction (1) i s  tnc i d c d i z c d  analogue of a free-mciiccdl 
dissociation-reccmbination reac t ion .  

I 



Sfiicc ilT/dZ qpro-ches zero 9 s  Z -+ Z m d  has a l i m i t i n g  value of 
2 * Zcold and must approach ..L-o as Z - CJ) it i s  a 9 p u c n t  t n a t  R::CiN nust xlicrcc,.,e as 

5:12i:-Aty as Z -. + a. Iii contrast  vi<.h tY-e i&ed. ized f lme  previously studied, f o r  
: : :~ch  coni-cction ims t he  l e a s t  Mp~i-:;an-i process, Graph 5 show t h a t  convection i s  the  
r .ost  lrportant Drocess i;hrou@out thc  cntii-e f l m e  and, i s  over a f a c t o r  of 10 more 
L~ .go r tan t  til:-oughout t h e  h o t t e s t  region u n t i l  G h-s a t t a i n e d  between 0.4 and 0.5 of 
its linitiw cold boundqy value. H i r ~ c l d e l d e r ' ~  '' has shoim t h a t  when the  approxima- 
~ l o n s  of Eqs. .(lb, I C )  are uccd, t h e  entlijlpy p e r  g r m  i s  constant @ dL1 Levis numbers 
zi-c -&ty. 
i q o r t a n c e  H iiDm = 1 c--r tiic speci i ' ic  e x t h d p y  i s  constant all Lewic! 
unity.  J imzm H. 
Graph 6 09 RDii?F shorrs t h e  quant i ta t ive  e f f e c t  of non-unit Levis numbers upon the  
r e l a t i v e  i E o d m c e  of the  two processes.  The r a t i o  nas t h e  saiie q u a l i t a t i v e  var ia t ion  
found i n  an ideiLized system f o r  "licht" f r e e - r a d i c d s  (those whose binary difi'usion 
coef f ic ien ts  a re  l a r g e r  t han  tine coei 'f icients f o r  major component p a i r s )  d i f m s i o n  
i s  t h e  more important process i n  t n e  h o t t e r  regzon (770.75) and thermal conduction 
i s  t'ne more important f o r  (7 <0.75). 

I -.. cold )cI 

, 

I 

. .  

Bmt, the processes of rjif'fusion and thermal conduction a re  of e q u d  

Tnernal conduction w i l l  be t t e  nore important process@RDDT< 1- H 

3: 

nie suggestion has been made t h a t  t h e  constant spec i f ic  enthalpy appro .0a t ion  
n ight  be used t o  determine one of t h e  mol-fractions;  This approxi3ation has been 
appl ied s p e c i f i c a l l y  t o  t h e  ozone flame by von &an and Penner %G. Let 

a': be t h e  species  such that Hatxat i s  t h e  l a r g e s t  term i n  

k/m = m-l E H 2 a  . 
Tnen, at this poin t  t h e  r a t i o  

Siiorrs t'ne r e l a t i v e  e r r o r  i n  x , I  t h a t  v o i i L  be Eade i f  this approximation vere  
used. For this ozone ?lame, Graph $' shms thc  v x i a t i o n  i n  t h e  e r r o r  whLch i s  never 
e r e a t e r  t n m  e ight  p e r  cent.  
i c a l  calculat ion,  t h e  e f f e c t  on t'ne in-iegriL curv?s might be g r e a t e r  than Yne e f f e c t  
a t  one axbi t ra ry  poin t .  

liomver, if this qlxoximation were used i n  any theoret-  

5 . 3  Heat Release by Radical Becombination. 

To t e s t  the  suggestion 27 <hatLt) siiice rad ica ls  a r e  himj energet ic  species  
they might serve as an important means of energy zransport  by d i f fus ing  toward t h e  
cold boundary and recombining, the r e l a t i v e  contr ibut ion f ree- rad ica l  recombination 
makes t o  the t o t a l  volume r a t e  of hea?; r e l e  s d e t o  chem'cal reac t ion  3 8, YEo - 2H 

(Ho -H -H ) + R2 ( €ioCHO3-2Ho2) ) ' (30) 
O2 

3 O O2 HREL = -1 
i s  given by Graph 8. 

Contrar j  t o  t h i s  suggestion, t h e  contr ibut ion of t h e  main combusion reac t ion  
i n  t n e  colder region is  more important by an ordcr of magnitude. 
s t r i k i n g l y  wi th  the  f a c t  t h a t  t h e  f r a c t i o n  contributed by radical recombinetion 2 1/2  
f o r  s u f f i c i e n t l y  hot  T ('t 2 0.77). 

This cont ras t s  
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For thz ozone f me, HREL i s  o_uqdi ta t ively d i f f e ren t  than  a previously 
s tudied ideal izcd flame 
of t he  rccon;bination-~ssociation rcnction. It contr ibutes  much l e s s  than  a f a r  
pcrccnt  of t h c  t o t a l  volume rate of heat re lcase .  
d i ssoc ia t ion  i s  completely n e g l i g i b l e  m d  tile contr ibut ion i s  always pos i t ive ,  i n  
t h e  idea l ized  system t h e  cont r ibu t ion  i s  botil p o s i t i v e  and negative.  This i s  
q u d i t a t i v c l y  the  same as tine contr ibut ion of' t he  B r  - Bv2 reac t ion  i n  t h e  H2 - Br2 
systcm. 

. I n  tine la t ter  -'lime Reaction (1) i s  t h e  analome 

IPxxcas i n  t h e  ozone system, 

5.4. Spa t i a l  Separation of Processes.  

There are both experimental  and t h c o r c t i c a l  reasons for examining t h e  
s p a t i a l  separat ion of processes  i n  t n e  ozone f l m e .  
r e l a t i v e  importmce of processes i n  thc  nciy:iborhood of t h e  hot  boundary n i g h t  
S U P J p i t  u se fu l  a l t e rna t ive  models. E ~ e r i m e n t z l l y ,  s tud ies  of t h e  methane-oxygen 
system have shown t h a t  t h e  ad iaba t ic  modcl. (iihich i n  used i n  theo re t i ca l  s tua i e s )  
i s  r a the r  good for t h a t  system: 
temperatures d i f f e r  by 0n1.y 100 

Tneoret ical ly ,  study of tine 

&he calculated and corrected experimentdl. flame 
. 

\,hat i s  of p a r t i c u l a r  i n t e r e s t  nere i:: t h a t  t he  mthane-oxygen f l m e  
has a r a t h e r  marked separa t ion  i n t o  thrcc  s3xtLz.l reGions 26a : 
a tu re  rcgion, comonly e q c c t e d  i n  fl.anc:;, i:i 7r:iich t h e r e  i s  conmaratlvely l i t t l e  
chemical reac t ion  but  a marked tempei.z:.';cr? i+se due to enerm t ranspor t ;  (2) an 
intermediate temperature region donintiLc6. >y o x :  s e o p n c e  of react ions;  (3) a 'nigher 
tcmperature reZion extending t o  thc  ri;a:<- ixu.i i 2 m e  t c i . p r a t u r e  CorLnated by a 
d i f f e ren t  sequence of r cac t ions .  l'hc rl'c?;I.c 7 of reac t ion  r a t e s  aqd tine Graph 9 
of T ( a )  [cf. Eq. 163 shorrs t h e  sepc.i-z.t::on of "ne o z o x  flax 9nto the f i rs t  two 
regions.  
\*Then the  temperature i s  s t i l l  200' (!I' .: ::.1 
value, the  fie1 mol-fract ion has decx : rxd  L c  lS-' of 1';s rna ; . , i~c :  vnlue which occurs 
at the  cold boundary. Both zre, 
of course, orders of magnitude great& tiim 3 o z e  for coxplete the-modynmic 
equilibrium. 

(1) a low texper- . .  

The separat ion into two & i Y f ' : x n t  :iir.i:tic reZions v i 1 1  zcw be defionstrated. 
) :,el,ov i t s  limit!.sg ;hot boundary 

Conversely, xr ir. s t i l i  ,3.87 of i t s  maxinm -ml.ue. 

Inspect ion of t h e  g r q h s  ( l O , l . l . , 2 )  :a- the  xol - f rac t ions  a id  f r a c t i o x i l  
mass-flar r a t e s  shows t h e  g r e a t e r  impor tam:  of chmees f o r  0 =ton i n  t h i s  rcgion. 

I n  terms of r e a c t i o n  kinet ic : ; ,  -R. z -9 z 0 a d  R /R increases  rzp id ly  
O 3  O O3 

r? 
- 

v i t h  increasing T u n t i l  it reaches a v::.:.: .: mP over 100 i.f. Table 73. 
region the  ne t  r a t e  o f  free-raciical pro:.:.(32.cn is nore Iciporta?t. Tzble 7 OT rezct ion I 

4 
rates show the  iriportance of reconbic2t:ion t o  t h e  net  prof imtion.  
T = llk3', recombination cont r ibu tes  0.6: .  oi' Ihf :  t o t 2  (negat ive)  mt rate of pro- 
duction. This r e c a l l s  Fr is t rom'  r 2g ok::c-m,tion t2nz.t recorbii iation react ions mist 5 
bc imnortant i n  tine high taperatwe re;;:m o?' t h e  i!:cthanc-o?yzen f l m e .  I 

5.3 on h c a t  rc lensc has aI.re3d.y shom t;~:::~; 0 recombination i s  t'nc cim.inant sowce  I 

of hea t  re lcase  b y  chemical react ionc j.7: -;hi:; region. 

Tnus,in t h i s  

For cxx;?>le, a t  

Tie Section 

J u s t  as So doxinates  R 

magnitude so  t'mt f r e e - r a d i c d  mass-flow ,id.:c:; a inore inpor tan t  cor-tribution to  
energy conservation than  f b e l  mass-flov 3 ~ s .  

i n  Iri_::?tics, Go dominates G by tvo orders  Of 
O3 O3 I 

* 
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As Section 5.5 shorrs, the :e is  an app-3rozc!i t o  difiiision. cq-dilYor:.cn 
p r i o r  t o  thernal equilibriun. Conv?rscly, thcre i s  no qproach  t o  ciim.icc?l 
equilibriuq pr ior  t o  themal  equiliiriw7. Both x aid x . increase rapidly with 

respect t o  them& e q u i l i b r i m  valul-s, although not so rapidly as i n  a prcvious 
study 20. Thus a t  a tcnFerature o m  de!:ree bcloii the  hot boundary tenperature, 
xo and xo a re  77 and 79 t i m e s  greater,  respectively, than t h e i r  equilibrium v a u e s .  

O3 , 
0 

. .  3 

5.5 Tne Role of Diffision. 

To provide a bas i s  for  estir!iating the significance of diffusion t!irou:;hout 

t o  the  m z s  zycraze speed (~+a?h 12); (2)  t h e  
t h e  flame, two different  s e t s  of gn:ip?is are giver,:(i) the  rat ios  (v,/v) of the 
average speed for a par t ic le  of typz 
ra t ios  of V. /Pi  of tine actual  diffusion velocity t o  t h e  t o t a l  n,ass f lov  rate, I.; ( 2 r q h  13). 
AlthoupJ Se;ticn 5.4 shows t h a t  the-re i s  no app-oach t o  chemical e q i i l i b r i m  before 
themal  equilibrium, tnere  i s  a p r i o r  qproech  t o  d.iffus.iori equi l ibr iun  (v.. / T I . =  1). 
Conversely, a t  cer ta in  lover temper:itures,diffus.ion contributcs marc than 
mass flow t o  the motion of both 0 
-2.5 f o r  0 

z.Jernce 
:ind of 0. Thus V . / V  a t ta ins  valucs of 2.75 and 3 and 0 respectively. 3 

von hi%& ar,d Penner's cq)p:-o?:ijr,ate c-$:un-::l.on ?OF the bnrr5aS velocity 
predicts  t ha t  it w i l l  vary a s l p  jinv2r:;e square root . .  c y  t i c  ozonc-oxygen m;l 
binary diffusion coefficient . Ey acciii-nt: .there hits sJ.so,been a t e s t  0:' t h e  
sienificance of the oxyzen atom .oin:q uii'fusiclr. cocf5cients .  .4 !:ey-y~nch e r x r  i n  
one run, aid a duplication e r ror  i n  n sicork a~tei-e:: t h e i r  teriperztturs deperdexe s o  
t h a t  they were decreased tventy-fivr: t h e  s air'r'usion ec;_uat;',on 
i n  the region of most rapid chernical c' an egtirnated i.1 of 0.1617 rs. Eq. (22)l compared. witin PI = O.:L~ o r  the difrkzion coefficients 
of Section 3. 

- .  
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Prcvious s tudies  by %'ne author ~ Z I C  sholrn t h a t  for a three ccmnocer,t 
f l a c ,  thc product of 14 G,- 
3ppro;rirnatcu as a l i n e a r  %&io$. 
the  experimcntd Go 

throuCjl two different calculated v d u c s :  

( Z  ) va.iric:; :2.01rly with G, ( Z  ) and c a  be r o u m y  
'Ificr[:Co::c, e thcorehcal.  v k u e  corrc.;gor.Ciw t o  uel  

at tine cold bouriizrj vas estimated by passing a straight l i n c  
3 

M G (Zc) =0.06653 - 0.03086 (Go -0.3789). 
O3 3 

(33) 

This gave 

Since Professor Grossc fecls  t,: :-t 'hi:; d l sc rqmxy  ereat ly  excccds t'ie l i k e l y  
e: .px-imentjl  error 30 , i t  is- necessary ...o conziCcr gossible sources of the  6izazrce-  
ment. Results of previous calculations :in xi i d c  Lzaticn ol a free-mCic3J. f1m.e 
c m  bc uscd t o  s u a e s t  probdole sources G:;: error 2e2. FCJ? 2. anproFrlzte choice or  
firncnsionless variables, it vas found t!::,?, 1.; coulci be conbined irit'n other p x x e t e r s  
t o  form a dimensionless constant, p-2, v:~;.t:li -:arieCi ra ther  sloIrly wit'n cer ta in  
paraxeters: 

to e i ther  .too h i &  a v d u c  for one o 

-- iiot &lrcctly rclal 

f . .  . At T = 10oOo, a tcmperaturc in the ra:i:;c i;hcrc El mzkcz a. l u - ~ e  co!:tr-iSution, x;;:: 
r a t i o  i s  approxinate~y t v o .  Corrcctioii of Rcnson ani A.n:ortiv'c, p a r a x t c r s  f o r  ( a )  
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or' an oir:.c- eq.ri.lL3riLzi c o n s t m t  gave a. higher a c t i v a t i o n  LO -c.:..:<: 2cc1s".-" L...I 0;' t'ncir UGC A . 
. .  ?::CY.-:;- 'L:-.s. tiic 0r.c used I n  t h i s  rccoy; 5f .. 

or' : x ~ : - ~ c ~ ~  fr,steaci of l eas t  sn_uz!rer, d z c a  a i d p i s  X : 

i'1x.x 'icx2crCxrcs. . .  

ii?pmc+ly th%c  vas due t o  t h e i r  use  
Conversely; f1oi.r system 

cc. <yc,zx il 1o::cr value viiich~'v0uXi prcdic'i a. somevhat l o m r  spec i f i c  rate at  

Previous t ' i e o r e t i c d  studrics pred ic ted  burning v e l o c i t i e s  fo r  a m i x t u r e  
of sinilm. cor:position 

I 

X .  (Zco16) = 0.25 ' ' (37) 
03 

, .  

-1 32 . .  
for  -r:nich Levis m d  von Elbe reportei. a bumin:; veloe'ity oi" 55 m.-sec.  
%le r e su l t s ,  ckpcnding ucon the vd- nssirrxti f o r  the reduced d i f fus ion .  coGfficicnt 
range rrodc7 or 51 2!O to 42 or 116 ''1 'iPIicre i s  m c h  b e t t e r  agreenent betireen t h e i r  
c d c ' d e t i o n s  and cqerimeii t  than betirccn the results presented here and eyperinent . 

' A s  cilor;n i n  Section, 5.1, it i s  ilot cert3-in that t h e  ca lcu la ted  speeds are 
corrcct for t'ne 9araTcters  asswxd: 
cho:.:s that  - t ie .  discrepaicy beizreeii- t n e n  m c i  the present results. i s  not r e l a t ed  i n  a 
ziz?le fesh ion  to tine rEf?fercnce i n  paz-me'cer-s since: (1) Tie valves  f o r  the .  t h e m a l  
c o n 6 x t i v i t y  of' the  gas xi:~Aure used i n  i%c 4vio s t u a e s  are ~ i i t h i n  several. p r c e n t  
or' ench other;  (2)  
rea.cti0r.s which. -e r e q o n s i b l e  for most of ';;he chanee i n  G (w:hich .defermines 31) 

a r e  5' and R2. ,:hereas a decreese i n  c i t i i e r  would decrease the  t'neoretic& Pi, t h e  
rEti.03 of specir ic  rates-in t h e  present szuuy t o  those used i n  t h e  e a r l i e r  trorlr are: 

If i h c y  are c o x e c t j  inspect ion of Eq. (35). 

According t o  precedii:g &iscussion i n  this sect ion,  tine two 

. , . .  f O3 

Reaction z 
T = 1230" 

8720 
397" 

0.01:5 
0.07 (38) 
0.36 

Previously,  h e u r i s t i c  ari;iz!ent iix 3cc:i given to sqpoFc t h e  contention 
'ikt k i n e t i c  e n e r a  of over 3u ;;as flax xx-, be an i r n p o i - t ~ ~ t  tern. i n  t'ne energy bd-ulce 
c ~ x t i o r .  cven ::lic:i vL-2 :.:, :::,:, j.T!.c?i-?c cx/c The argunent suggested 
'-,hat.t:?e -fomer tern iro ir:>?ort?^n.t :fiere tine t n e  grea2cc.t cancel la t ion 
i n  t he  c s u d  terns of the equation of enerG: balance, *., in tine neigXoorhoo6. o f  t h e  
hot boimdmj b .  
order  gayer. series uas constructed .inciudln[; those terms. 

Tnerefore, as a check uFon She importance of k i i le t ic  enerejr, a t h i r t i e t h  
Tfle s e r i e s  s m s  are:  . .  



, 

/ 

Ecct-Lon 5.1. I 
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' t c n x  of the k ine t ic  steady-state a p p c  .iinaii?n. hi a l te rna t ive  approxir:.&tion 
Y "2 -... ..- applies. 

(c?)  XaLLcCl rccornbinztion i n  ;.hi: x o n c  T1m.e plays an imFortant ro le  but o n l y  
f o r  tczperaturcs h i t h i n  &out 300' of t ' ~ ?  not -~oundnry. 

(e) von &&An and Pcnncr uncicrc:,::imnted the  

Tne cii"cct,' ci: this  upon 
< : W02-b0 4 Mi0 would be importa?t'. It exceeds 
tu re  range of $Doat 2000. 

Sections 5.1 
and those of  earlier s tudies  i s  &ue t o  :-.he renovinz of -cer ta in  e a r l i e r  approximations. 

5.6. Tne qualitat;tlvc: t;-ifferences between the  r e s u l t s  reported here 

Section 5.2. 

(a) Convection i s  the  dominant -,-ucess at a l l  temperatures. Diffusion is nore 
important t'nzn conduction a t  higher i,?: e ra tu rcs ,  less a t  lover .  

(b)  The spec i f ic  ent'nalpy varic-: lver a range of &$. 

Section 5.3. The r a t e  of heat releL.56 l i x  unit volume due t o  rcdj-cjl recombLnation 
i s  over half t h e  t o t a l  r a t e  f o r  a t c r  wtu i i :  :sternal o l  over 2003 about the  h o t  
boundary. Contrary t o  a arcvious siy -2tio.i, it becomes n e a i g i b l e  i n  tine cooler 
p a r t  of the  flpne. 
pr imari ly  i n  R2 : 0.10 

Ra&icals which c.i-.'t.,se there from the  ho t t e r  regions a re  efl'ective 
+ 2 02. 3 

Section 5.4. 
separation found experimentally i n  t l ic  :ne-;hnnc-oxj,-en flanc. 
to chemical before thermal equi l ibr lu  I .  

The s p a t i a l  ScparatioLL :~l' :circtic processes i s  remiciscent of the 
There i s  no approach 

Section 5.5. 
chemical) equilibrium. 
average speed f o r  T < E. 1020° f o r  C 

Tnere i s  a? approach ts  diffusion equi l ibr iw '  before thermal (acd 
The magnitut E d tLx t J i fus ion  velocity exceeds the  mass 

nd frcii aboiit T = 910' t o  T = l130° for  0 3' 

Section 5.6. 
r.ajor sources of tine error,are too 
i l l  : 0 +I4 - 0 +O+M,or of R; : 0 +O - +  2 02,0r both. 

Scction 5.7. 
important f o r  t h i s  ozone flame. Cor-vvsrzely, it can not be ignorc, lor  suf f ic ien t ly  
r ich ozone i2anes where it changes tk-c character of  t he  eigen_)raht  yrob:,em. 

Tne t'neorctical M i s  L :i l a rue  by over a fac to r  or' 2. The most l i k e l y  
i ,h .m.lues a t  flaqe temperatures of the  r a t e  of 

3 2 3 

I'ne l une t i c  cnergy of o(re-d.l gzs f l o v  does not q:,- : zo be very 

I. ' 
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Kine t i c  S t u d i e s  of Hydroxyl Radica ls  i n  Shock Waves. I V  
Recombination Rates  i n  Rich Hydrogen-Oxygen Mixtures 

Garry L. S c h o t t  and Paul  F. Bird  

Un ive r s i tv  of C a l i f o r n i a ,  Los Alamos S c i e n t i f i c  Laboratory 
Los Alamos, New Mexico 

Previous  work1*2s3 i n  r i c h  hydrogen-oxygen-diluent f lames h a s  shown t h a t  i n  
t h e  f i n a l  s t a g e  of t h e  combustion r e a c t i o n ,  s e v e r a l  r e v e r s i b l e  reaction s t e p s  ape 
main ta ined  s u b s t a n t i a l l y  i n  equ i l ib r ium,  wh i l e  n e t  p rog res s  i s  achieved  by t h e  re- 
moval of  excess  s p e c i e s  through three-body recornbination r e a c t i o n s .  The r e v e r s i b l e  
r e a c t i o n s  couple  t h e  recombina t ion  p a t h s ,  so t h a t  each recombination r e a c t i o n  has  
t h e  same degree  of nonequi l ibr ium ( r a t i o  of equ i l ib r ium cons tan t  t o  t h e  q u o t i e n t  of 
t h e  a c t i v i t i e s  of p roduc t s  and r e a c t a n t s ) ,  and a s i n g l e  measurement s e r v e s  t o  d e t e r -  
mine t h e  chemical composition. 
t h e  impor tan t  recombina t ion  r e a c t i o n s  are: 

K i n e t i c s  s t u d i e s  i n  such flames3,‘) have shown t h a t  

(1) kl H + H + M  + H 2 t M  

( 2 )  

2 

k2 H t OH t M _j H 2 0  t M 

and have provided va lues  of t h e  r a t e  c o e f f i c i e n t s  kl and k 

Observa t ions  on t h i s  r e a c t i o n  system i n  shocked g a s  mix tu res  have heen re- 
po r t ed  i n  e a r l i e r  papers  of t h e  p r e s e n t  ~ e r i e s , ~ , ~ , ’  and have i n d i c a t e d  e s t a b l i s h -  
ment of equ i l ib r ium c o n d i t i o n s  i n  t h e  r e v e r s i b l e  r e a c t i o n  s t e p s  promptly a t  t h e  
end of t h e  induc t ion  per iod .  
t h e  slow disappearance  of  OH fo l lowing  its maximum concen t r a t ion  i n  shocked H2-02- 
Ar mixtures .  

under flame cond i t ions .  

This  paper  r e p o r t s  measurements of  t h e  k i n e t i c s  of 

EXPERIMENTAL METHODS 

Basic shock wave t echn iques  and t h e  u l t r a v i o l e t  l i n e  abso rp t ion  method of 
de te rmining  OH concen t r a t ion  have been d i scussed  i n  P a r t  15. 
i f i c a t i o n s  of appa ra tus  and procedures  have been inco rpora t ed  i n  t h e  p re sen t  work, 
and it is a p p r o p r i a t e  t o  p r e s e n t  t h e  methods used i n  t h i s  i n v e s t i g a t i o n .  

However, many mod- 

The dimensions of t h e  c i r c u l a r  shock t u b e  were: i n t e r n a l  d i ame te r ,  10 cm 
throughout ;  d r i v e r  chamber l e n g t h ,  1 9 2  cm; test chamber l eng th ,  373 cm. Its  con- 
s t r u c t i o n  was of  b r a s s ,  and t h e  i n t e r i o r  s u r f a c e  of  t h e  test chamber was p l a t e d  
wi th  n i c k e l  t o  dec rease  its poros i ty .  S i n g l e  and m u l t i p l e  l a y e r  brass shim s tock  
diaphragms were used. Evacuat ion  of t h e  t e s t  chamber was accomplished through a 
s i d e  p o r t  l o c a t e d  13 cm from t h e  diaphragm p o s i t i o n .  
w i th  an  NRC 8-2 o i l  d i f f u s i o n - e j e c t i o n  b o o s t e r  pump backed by a Kinney KC 5 mech- 
anical  pump. 
gauge connected t o  a s i d e  p o r t  midway a long  its l eng th .  

F i n a l  evacua t ion  was done 

Vacuum measurements i n  t h e  test chamber were made wi th  a CVC P h i l i p s  

res i 
and 

Shock v e l o c i t y  measurement was made by a series 
These gauges were 1 mm by 6 mm and 

They were f l u s h  mounted wi th  t h e  s h o r t e r  
.stor gauges. 
200 0 .  

of f i v e  d e p o s i t e d  platinum 
had r e s i s t a n c e s  between 30 
dimension d i sposed  a x i a l l y  



1 1 4  
a t  i n t e r v a l s  of 60.00, 50.00, 30.00, and 29.94 cm, beginning  198  c m  from t h e  
diaphragm. 
a f te r  6.25 psec, mixed w i t h  1 0  psec t iming  marks, and p resen ted  on an  o s c i l l o s c o p e  
raster8 ope ra t ing  a t  100 v s e c / l i n e .  A modified Tekt ronix  545 ins t rument  was used. 

The gauge o u t p u t s  were ampl i f i ed ,  shaped by 2D21 t h y r a t r o n s ,  echoed 

The q u a r t z  windows f o r  t h e  l i g h t  beam used i n  measuring OH c o n c e n t r a t i o n s  
were l o c a t e d  1.3 cm downstream from t h e  f o u r t h  v e l o c i t y  Eauge, some 34 c m  from t h e  
end of t h e  shock tube .  This  s e t u p  allowed s e v e r a l  hundred microseconds for  obser -  
v a t i o n  of  t h e  moving g a s  beh ind  t h e  i n c i d e n t  shock wave b e f o r e  t h e  a r r i v a l  of t h e  
r e f l e c t e d  wave from t h e  end plate o r  t h e  hydrogen d r i v e r  g a s  from upstream. 

The o p t i c a l  t r a i n  from t h e  f l a s h  d i scha rge  lamp to t h e  p h o t o m u l t i p l i e r  de t ec -  
tor was mounted independent ly  of t h e  shock tube .  The f l a s h  lamp was opera ted  i n  
t h e  way desc r ibed  i n  Part 15. 
vapor p r e s s u r e  was r e g u l a t e d  a t  0.9 mm Hg by N a C  H 0 

A t  t h i s  working p r e s s u r e  t h e  luminos i ty  was much f reer  of  s p u r i o u s  f l u c t u a t i o n s  i n  
i n t e n s i t y  t h a n  a t  h i g h e r  p r e s s u r e s ,  and its i n t e n s i t y  was on ly  s l i g h t l y  diminished. 
A 2.5 c m  f o c a l  l e n g t h  s p h e r i c a l  l e n s  immediatelv i n  f r o n t  o f  t h e  lamp focused t h e  
luminous r eg ion  i n s i d e  t h e  t o r o i d a l  anode crudely  a t  t h e  monochromator en t r ance  
slit 70 c m  away, p rov id ing  condensa t ion  o f  t h e  beam i n  t h e  ( v e r t i c a l )  d i r e c t i o n  
a long  t h e  2 mm by 10 mm c o l l i m a t i n g  s l i t s  on e i t h e r  s i d e  of t h e  shock t u b e  windows. 
The luminous reg ion  i t se l f  w a s  s u b s t a n t i a l l y  as wide as t h e  s l i ts .  A t  t h e  mono- 
chromator en t r ance  slit a c rude  f = 1.0 c m  c y l i n d r i c a l  l e n s  was used wi th  i t s  a x i s  
p a r a l l e l  t o  t h e  s l i t  t o  condense t h e  beam on to  t h e  e n t r a n c e  slit  and provide  f o r  
f i l l i n g  t h e  width of t h e  g r a t i n g .  
immediately o u t s i d e  t h e  e x i t  s l i t  o f  t h e  monochromator. 

The lamp i t s e l f  d i f f e r e d ,  however, i n  t h a t  t h e  H20 - 3H20 t NaC H 0 a t  O O C .  2 3 2  2 3 2  

The 1P28 p h o t o m u l t i p l i e r  d e t e c t o r  was p laced  

The anode r e s i s t o r  u sed  was 22 K R, and 4 f t  of RG-71 c a b l e  d e l i v e r e d  t h e  
s i g n a l  t o  t h e  input  t e r m i n a l  of a type  L p r e a m p l i f i e r  i n  a Tek t ron ix  type  545 
o s c i l l o s c o p e .  Thus the e l e c t r o n i c  response  t i m e  was about  2 usec, which approxi- 
mate ly  matches t h e  t i m e  inhomogeneity i n  t h e  gas  sample w i t h i n  t h e  2 mm wid th  of 
t h e  beam. 
ments ove r  pe r iods  l i k e  
cal  n o i s e  is achieved by  r e l a x i n g  t h e  time r e s o l u t i o n .  

F a s t e r  response  can  be  achieved ,  b u t  for recombina t ion  rate measure- 
seconds it is unnecessary ,  and r e d u c t i o n  i n  s t a t i s t i -  

The o s c i l l o s c o p e  photographs  conta ined ,  i n  a d d i t i o n  t o  t h e  l i g h t  t r ansmiss ion  
r e c o r d ,  a base  l i n e  of  z e r o  p h o t o e l e c t r i c  s igna1 , ' and  i n  d i s p l a c e d  p o s i t i o n s ,  a 
trace b e a r i n g  t i m i n g  marks and a trace of t h e  unabsorbed D h o t o e l e c t r i c  s i g n a l  from 
a s e p a r a t e  f l a s h i n g  of  t h e  lamp. 
f i r i n g  i n  t h e  same way as i n  t h e  exper imenta l  trace. 
lamp s i g n a l ,  whi le  r e p r o d u c i b l e  i n  shape ,  was n o t  q u i t e  c o n s t a n t  ove r  t h e  time of 
t h e  experiment.  

This  monitor trace was synchronized  wi th  t h e  lamp 
I t  was needed because t h e  

The JACO model 8200 monochromator was ope ra t ed  i n  an a i r  the rmos ta t  a t  
36 f 1 O C .  

and t h e  e x i t  slit width  0.570 mm. 
s u r e  mercury d i scha rge  spectrum and set t o  transmit ( i d e a l l y  uni formly)  between 
3088.7 

The f i r s t  o r d e r  spectrum was used w i t h  t h e  en t r ance  s l i t  width 0.050 mm 
The ins t rument  was c a l i b r a t e d  w i t h  a low pres-  

Aair< 3097.38, w i t h  t r ansmiss ion  dec reas ing  l i n e a r l y  t o  ze ro  a t  3087.98 

P r e c i s i o n  o f  t h e  c a l i b r a t i o n  and the rma l  s t a b i l i t v  a r e  Aair and 3098.1%sAair. 

e s t i m a t e d  a t  f0.38. 
confirmed t h e  isolation o f  t h e  l i n e s 9  between R220 (Aair = 3089.08) and Q28 

Pho tograph ic  s p e c t r a  made wi th  f i l m  h e l d  a g a i n s t  t h e  e x i t  s l i t  

(aair = 3096.88). 

Experimental  gas  m i x t u r e s  were prepared  manometr ica l ly  from commercial c v l i n d e r  
gases  i n  a thoroughly evacua ted  g l a s s - l i n e d  (domest ic  ho t  w a t e r )  tank  and hea ted  
from benea th  t o  b e  mixed by d i f f u s i o n  and convec t ion  f o r  a t  least 24 hours  be fo re  
use.  
components beyond t r a c e s  of N 

Mass spec t rog raph ic  a n a l y s i s  of  each  ba tch  confirmed t h e  absence  of  unintended 
and co2. 2 
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DATA REDUCTION 

The rdw d a t a  ob ta ined  i n  each experiment c o n s i s t  p r i m a r i l y  of t h e  recorded  
i n i t i a l  cond i t ions ,  t h e  shock v e l o c i t y  d a t a  con ta ined  i n  t h e  photograph from t h e  
r a s t e r  o s c i l l o s c o p e ,  and t h e  OH concen t r a t ion  d a t a  conta ined  i n  t h e  o s c i l l o s c o p e  
photograph of  t h e  p h o t o e l e c t r i c  s i g n a l .  P r io r  t o  any chemica l  k i n e t i c s  a n a l y s i s  
t h e s e  d a t a  are reduced t o  t h e  apparent  OH concen t r a t ion  a s  a f u n c t i o n  of time 
under p a r t i c u l a r  cond i t ions  of tempera ture ,  p r e s s u r e ,  and c o n c e n t r a t i o n s  of o t h e r  
s p e c i e s .  These p re l imina ry  d a t a  r educ t ion  procedures  a r e  d i s c u s s e d  first. 

Shock Ve loc i ty  

Evalua t ion  of  t h e  shock wave v e l o c i t y  from t h e  gauge p o s i t i o n s  and shock 
a r r i v a l  t imes  was done by a d j u s t i n g  each time f o r  small d i f f e r e n c e s  i n  c i r c u i t r y  
response  ( c o r r e c t i o n s  of a few t e n t h s  of  a microsecond) f i t t i n g  t h e  f i v e  x , t  

( d t / d x ) - l  a t  t h e  obse rva t ion  window pos i t i on .  
i n i t i a l  p r e s s u r e ,  was i n v a r i a b l y  p o s i t i v e ,  and t h e  average  a t t e n u a t i o n  of t h e  
shock v e l o c i t y  was about  1% p e r  meter  (0.1% p e r  tube d iame te r ) .  
phragms used for t h e  h ighe r  p r e s s u r e  s h o t s  a p p a r e n t l y  opened more s low1 
times caused t h e  shock v e l o c i t y  t o  reach  its maximum f u r t h e r  downstreami0. From 
least squa res . t r ea tmen t ,  t h e  ind ica t ed  u n c e r t a i n t y  i n  b, which is most of t h e  un- 
c e r t a i n t y  i n  d t /dx ,  was u s u a l l y  a few t e n t h s  o f  a percen t .  In  a f e w  cases it was 
as g r e a t  a s  1%, i n d i c a t i n g  i r r e g u l a r  behavior  of t h e  shocks and /o r  t h e  d e t e c t i o n  
system. 

d a t a  p o i n t s  t o  t h e  q u a d r a t i c  expres s ion  t = 5 + bx + c x  1 , and e v a l u a t i n g  
Except i n  s h o t s  a t  1 5  and 20 cm He 

The h e a v i e r  d ia -  
and some- 

Hugoniot C a l c u l a t i o n s  

S o l u t i o n  of  t h e  Rankine-Hugoniot equa t ions  was c a r r i e d  ou t  by means o f  a 
computer c o d e l l  t o  o b t a i n  t h e  tempera ture ,  d e n s i t y ,  and composi t ion  behind each 
shock wave as f u n c t i o n s  of t h e  i n i t i a l  c o n d i t i o n s ,  t h e  shock v e l o c i t y ,  and t h e  
p rogres s  of chemical r e a c t i o n .  The computations f o r  equ i l ib r ium c o n d i t i o n s  were 
ob ta ined  s t r a i g h t f o r w a r d l y  by t h e  g e n e r a l  method o f  Br inkley12 which is incor -  
po ra t ed  i n  t h e  shock equa t ions  code. 
s e l e c t e d  e x t e n t s  of recombination less than t h e  f i n a l  e q u i l i b r i u m  e x t e n t  were 
made by a r b i t r a r i l y  cons t r a in ing13  t h e  number of moles p e r  o r i g i n a l  mole of ma- 

H2, 02, H 0, OH, H ,  and 0 were cons idered  t e r i a l  i n  t h e  system. The s p e c i e s  A r ,  
i n  t h e  computations.  
were ob ta ined  from t h e  JANAF t a b l e s 1 4  and fonnu la t ed  f o r  i n t e r p o l a t i o n  i n  t h e  
polynomial form used p rev ious ly  i n  t h i s l l  and o the r15  l a b o r a t o r i e s .  
t r e a t e d  as c a l o r i c a l l y  p e r f e c t  and t h e  c o e f f i c i e n t s  were eva lua ted  accord ingly .  

The r e s t r i c t e d  e q u i l i b r i u m  computations f o r  

2 I d e a l  gas thermodynamic f u n c t i o n s  for H 2 ,  02, H 0, OH, and 0 2 

A r  and H were 

Determination of  [OH 1 
The c a l i b r a t i o n  curve r e l a t i n g  absorbance and OH c o n c e n t r a t i o n  used i n  t h e  

ear l ie r  work was an e m p i r i c a l  one based on obse rva t ions  of e q u i l i b r i u m  qases  i n  
shock waves. For t h e  p re sen t  w o r k ,  a much more r e f i n e d  method has  been developed. 
I t  is a semi-empir ica l  method based i n  p a r t  on absorbance measurements i n  e q u i l i b -  
rium shocked gas, b u t  it makes use  of t h e  fundamental  molecular  p r o p e r t i e s  of OH 
t o  ex tend  t h e  c a l i b r a t i o n  t o  regimes o f  OH c o n c e n t r a t i o n ,  t empera tu re ,  and p r e s s u r e  
where equ i l ib r ium obse rva t ions  cou ld  no t  be made. 

me c a l i b r a t i o n  program c o n s i s t s  of t h r e e  p a r t s :  ( 1 )  expe r imen ta l  de te rmina t ion  
of t h e  s p e c t r a l  i n t e n s i t y  d i s t r i b u t i o n  of our,OH l i n e  sou rce ,  ( 2 )  fo rmula t ion  of 
t h e  abso rp t ion  spectrum of  OH on t h e  b a s i s  of ‘ theo ry  and i n t e g r a t e d  abso rp t ion  co- 
e f f i c i e n t s  de r ived  f r o m  independent exper iments ,  and ( 3 )  numer ica l  s y n t h e s i s  of  t h e  
msponse  of tharmal  abso rbe r  t o  t h e  lamp spectrum i n  o r d e r  t o  accoun t ,  w i th in  
e x i s t i n g  u n c e r t a i n t y  i n  t h e  abso rp t ion  spectrum parameters ,  f o r  t h e  exper imenta l ly  
determined absorbance of equ i l ib r ium mixtures .  
be ing  r e p o r t e d  s e p a r a t e l y ;  the methods used and t h e i r  a p p l i c a t i o n  t o  t h e  o l d ,  h ighe r  

The d e t a i l s  of t h e s e  s t e p s  a r e  
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p r e s s u r e  lamp spectrum are d e s c r i b e d  e1sewherel6.  
c a l i b r a t i o n  are summarized as follows. 
i n  t h e  lamp spectrum were de termined  from high  d i s p e r s i o n  photographic  spec t ro -  
grams made by r epea ted  flashes. 
were each desc r ibed  i n  t h e  computa t ions  by s u p e r p o s i t i o n  of  l i n e s  having combined 
Doppler and Lorentz broadeningl7 .  
Crosswhiteg as modified by Learner” were used. 
a b i l i t y  c o e f f i c i e n t ,  F, and t h e  p r e s s u r e  broadening  parameter,  a ,  ( a s  de f ined  i n  
t h e  l i t e r a t u r e 1 9 )  found to d e s c r i b e  s u i t a l y  t h e  measured equ i l ib r ium absorbances 
were F = 3.50 x l o e 4  and a = 335 P(atm)/T(OK). 
agreement wi th  t h o s e  r e p o r t e d  elsewhere19 s 2 0 .  Perhaps t h e  p r e s e n t  c a l i b r a t i o n  is 
n o t  s i g n i f i c a n t l y  more a c c u r a t e  than  t h e  o l d  e m p i r i c a l  one i n  t h e  regime where t h e  
l a t t e r  was determined, b u t  t h e  ex tens ion  t o  o t h e r  regimes is s u p e r i o r ,  and t h e  
whole c a l i b r a t i o n  is on a much firmer b a s i s .  

The p r i n c i p a l  f e a t u r e s  of t h e  
The l i n e  shapes  and r e l a t i v e  i n t e n s i t i e s  

The source  spectrum and t h e  abso rbe r  spectrum 

The l i n e  s t r e n g t h s  g iven  by Dieke and 
The va lues  of t h e  t r a n s i t i o n  prob- 

These va lues  a r e  i n  r easonab le  

The computer program g e n e r a t e s  t h e  absorbance ( - l o g l o  of t h e  f r a c t i o n a l  
t r a n s m i s s i o n )  of t h e  i n c i d e n t  spectrum f o r  a s p e c i f i e d  abso rbe r  t empera tu re ,  p res -  
s u r e ,  and o p t i c a l  d e n s i t y  (p roduc t  of  OH c o n c e n t r a t i o n  and pa th  l e n g t h ) .  
cove r ing  t h e  ranges  of t h e s e  parameters  involved  i n  t h e  exper iments  were assembled 
and a numer ica l  i n t e r p o l a t i o n  scheme was used t o  d e r i v e  t h e  OH concen t r a t ion  f o r  a 
series of absorbance va lues  du r ing  each experiment.  For t h i s  purpose an average 
tempera ture  and p r e s s u r e  f o r  each experiment was ob ta ined  as t h e  mean of t h e  va lues  
computed fo r  p a r t i a l  e q u i l i b r i u m  c o n d i t i o n s  wi th  z e r o  recombination and complete 
equ i l ib r ium cond i t ions .  
f i r s t  i n t e r p o l a t e d  t o  t h e  a p p r o p r i a t e  tempera ture  and then  t h e  a p p r o p r i a t e  pres -  
su re .  
s i t i e s  and hence OH c o n c e n t r a t i o n s .  A q u a d r a t i c  i n t e r p o l a t i o p  formula was used i n  
each s t e p ,  wi th  t w o  of t h e  t h r e e  v a l u e s  o f  t h e  independent v a r i a b l e  b racke t ing  t h e  
d e s i r e d  va lue .  

Po in t s  

The absorbance for each  o p t i c a l  d e n s i t v  i n  t h e  t a b l e  was 

F i n a l l y  t h e  s e v e r a l  measured absorbances  were i n t e r p o l a t e d  t o  o p t i c a l  den- 

Rate Equat ion  

The rate equa t ion  fo r  t h e  d isappearance  o f  OH i n  a r e a c t i n g  mixture  of H 2 ,  
02, H 0, OH, H ,  and 0 is developed  f o r  c o n d i t i o n s  of v a r i a b l e  d e n s i t y  shock wave 
flow i n  a manner which i n c o r p o r a t e s  t h e  recombina t ion  mechanism, r e a c t i o n s  ( 1 )  
and ( 2 ) ,  and a n t i c i p a t e s  t h e  i n s e r t i o n  of  p a r t i a l  equ i l ib r ium r e l a t i o n s h i p s  among 
t h e  s e v e r a l  spec ie s .  
re l a  t i o n s  h i p 

2 

Let u s  d e f i n e  t h e  mole number of  each s p e c i e s ,  n i ,  by the  

pni = CII ( 3 )  

where p is t h e  d e n s i t y  i n  grams p e r  l i t e r  and [I] is t h e  concen t r a t ion  of spec ie s  
I i n  moles p e r  liter. We t h e n  i d e n t i f y  t h e  p a r t i a l  d e r i v a t i v e  wi th  r e s p e c t  t o  
t i m e  ( a [ I ] / a t ) p  = p d n i / d t  as  t h e  n e t  vo lumet r i c  ra te  o f  chemical product ion  of 
s p e c i e s  121. 

Now it has been shown t h a t  1a2922  i n  t h e  system be ing  cons ide red ,  eoua t ing  t h e  
t o t a l  volumetr ic  rate o f  p roduc t ion  of  a l l  s p e c i e s  t o  t h e  combined chemical re -  
combination r a t e  from a l l  p a t h s ,  Rrecomb, l e a d s  t o  

pd(nH t nOH + 2n + 2n ) / d t  = -2 Rrecomb. 
O2 

0 

TO formula te  nH,  no, and  no , and t h e i r  d e r i v a t i v e s  i n  terms of  t h e  measure< 

[OH], we  proceed as fo l lows .  Le? 
[OH1 = a [HI. ( 5 )  

Then 

H noH = a n 



and 
pdnH/dt  = (p /n)dnOH/dt  - (pnoH/a2)da /d t .  

S i m i l a r l v  l e t  

so t h a t  

11? 

( 7 )  

2 

no + n02 = OPnOH 
and 

(10)  2 2 2  2 Pd(no + n ) / d t  = 2RP nOHdnoH/dt + P nOHd B/dt + U P  nOHdP/dt. 
O2 

The s c a l e  of time, t ,  exper ienced  by an element of shocked  as is conver ted  
t o  t h e  scale I a t  an obse rva t ion  p o i n t  s t a t i o n a r y  wi th  r e s p e c t  t o  t h e  unshocked 
g a s  by 

d t  = ( P / P ~ )  d7 (11 )  
where P 

v a r i a b l e  [OH]. Then from t h e  d e f i n i t i o n ,  eoua t ion  (31, it fo l lows  t h a t  

is t h e  d e n s i t y  of  t h e  unshocked gas .  
0 

The v a r i a b l e s  p ,  a, and E are cons ide red  as f u n c t i o n s  of t h e  independent 

PdnOH/dt = d[OH]/dt ( 1  - d In  P /  d I n  [OH]) ( 12 )  

F i n a l l y ,  f o r  cond i t ions  i n  which t h e  recombination mechanism c o n s i s t s  of  
r e a c t i o n s  (1) and ( 2 )  and * a l l  d i s s o c i a t i o n  rates are n e g l i g i b l e ,  w e  expres s  t h e  
t o t a l  recombination r a t e ,  Rrecomb, i n  terms of concen t r a t ions  and convent iona l  
r a t e  c o e f f i c i e n t s  by 

(13 )  2 
Rrecomb = k l  CM1lCHl + k 2  C M 2 1 C H l C O H l  

where [M 1 and [M 3 a r e  t h e  t o t a l  gas  concen t r a t ions  a c t i n g  as t h i r d  bod ies  i n  
recombination r e a c t i o n s  ( 1 )  and ( 2 ) .  1 2 

Then s u b s t i t u t i o n  of  eaua t ions  ( 5 )  - (13 )  i n t o  equa t ion  (4) and rearranpement 
of terms l e a d s  t o  

( 1  t a + 4aB[OH])(1 - d I n  P/d I n  [OH]) - d In  a / d  I n  [OH] 

t 2aB[OH](d In  R/d In  [OH] + d In  p/d In  [OH]) }-’. (14)  

For convenience we now refer t o  t h e  factor 2 and t h e  complicated expres s ion  i n  
b races  on t h e  r i g h t  hand s i d e  of equat ion  (14)  as A ,  and f o r  l a c k  of  in format ion  
t o  t h e  con t r a ry ,  i d e n t i f y  t h e  t h i r d  body concen t r a t ions  [M,] and [M,] w i th  t h e  
to ta l  gas  concen t r a t ion ,  [MI. 
exper imenta l  gas  mixture ,  and w e  r e -wr i t e  t h e  ra te  equa t ion  a s  

Thus t h e  ra te  c o e f f i c i e n t s  a r e  r e f e r r e d  t o  the  

ad(l/COHl)/dt = A (P/P,) tMl(kl + ak2) (15 )  

Equat ion  (15) has  been cast i n  t h i s  form i n  a n t i c i p a t i o n  of f i n d i n n  t h e  d i s -  
appearance of OH t o  
of an approximately 

be  e f f e c t i v e l y  second o r d e r  in-OH and of determining t h e  s l o p e  
l i n e a r  p l o t  of l / [ O H ]  v e r s u s  7 from each experiment.  
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RESULTS 

Experiments have been done wi th  t h r e e  d i f f e r e n t  g a s  mix tu res ,  whose compo- 
s i t i o n s  a r e  given below: 

Mixture 
De s igna  t ion  %H2 

R- 1 
R-2 
R- 3 

4.03 
2 . 0 2  
8.07 

1.00 
0.50 
1.00 

% A r  

94.97 
97.48 
90.93 

The r e s u l t s  of  t h i r ty -one  exper iments  i n  t h e  tempera ture  range  1400° T 5 20000K 
are assembled i n  Table I. I n  t h e s e  exper iments ,  t h e  p l o t s  from which d(l/[OH])/dr 
w a s  de te rmined  were approximate ly  s t r a i g h t  ove r  t h e  e n t i r e  i n t e r v a l  p l o t t e d ,  which 
i n  most cases was from abou t  50 psec t o  about 500 Usec a f t e r  passage  of  t h e  shock 
f r o n t .  
g iven  i n  column 4. Columns 6 
and 7 c o n t a i n  t h e  v a l u e s  o f  [OH] and tempera ture  computed from t h e  i n i t i a l  d a t a  and 
shock velocity f o r  each experiment on t h e  b a s i s  of  equ i l ib r ium wi th  r e s p e c t  t o  a l l  
r e a c t i o n s  except  d i s soc ia t ion - recombina t ion  r e a c t i o n s  and no change i n  t h e  t o t a l  
mole number n = C n I m p l i c i t  i n  

During t h i s  pe r iod  [OH] f e l l  from t h e  values g iven  i n  column 3 t o  those  
Column 5 c o n t a i n s  t h e  s l o p e s  de r ived  from t h e  p l o t s .  

from t h e  va lue  no i n  t h e  unshocked gas  mixture .  i’ t h e s e  computations a r e  t h e  r e l a t i o n s h i p s :  -. 

a = C O H l / C H I  = K18CH201/CH21 (16)  

and 

B = (COl + CO21)/C0Hl2 = Kl9/CH20l t K20/CH21  

where K18, K19, and K20 are t h e  equ i l ib r ium constants f o r  t h e  r e a c t i o n s  

H t H20 * O H  + H 2  (18) 

and 

OH t OH s H 2 0  + 0 (19) 

(20) 2 
OH t OH * H p  + 0 

Complete convers ion  of t h e  i n i t i a l  0 t o  H 0 wi th  no  product ion  of OH, H ,  o r  2 0 corresponds  t o  f i n a l  v a l u e s  of n/no o f  8.990 i n  mix tu res  R-1 and R-3 and 0.995 
i n  mixture  R-2, and computa t ions  show t h a t  [OH] v a r i e s  approximately l i n e a r l y  with 
n/no. 

To i n t e r p r e t  d(l/COHl)/dr by equa t ion  (15) for  c o n d i t i o n s  p r e v a i l i n g  e a r l v  
i n  t h e  recombination r e a c t i o n ,  computations were made o f  p a r t i a l  e a u i l i b r i u m  condi- 
t i o n s  wi th  n/n The va lues  o f  [MI, a, ( p / p 0 ) ,  and R [OH] 
were t aken  as ?he means o f  t h e s e  two computations,  and t h e  loga r i thmic  d e r i v a t i v e s  
which appear  i n  t h e  f a c t o r  A were approximated f r o n  t h e  f i n i t e  d i f f e r e n c e s  hetween 
these  two computations.  [MI and a so eva lua ted  are l i s t e d  i n  columns 8 and 9 of 
Table I .  ( p / p  ) was i n v a r i a b l y  between 3.2 and 3.6. The f a c t o r  A v a r i e d  svstem- 
a t i c a l l y  from P.7 t o  1.0 as a v a r i e d  from 0 .01  t o  0.1. 

ob ta ined  from t h e  measured s l o p e s  i n  column 5 by m u l t i p l i c a t i o n  by t h e  f a c t o r  
UPo/ P[M]A. 
squa res  f i t t i n g  of t h e  e n t i r e  se t  o f  va lues  08 k + ak2 
ca ted  s u b s e t s  t he reo f .  

= 1.000 and n/no = 0.999. 

The de r ived  v a l u e s  of k t ak given  i n  t h e  l a s t  column of  Table I were 
2 

The fo l lowing  v a l u e s  o f  kl  and k /kl have been de r ived  by l i n e a r  least  
i n  Table I and t h e  i n d i -  1 

i 
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k 2 / k l  - Grow> of Cxwriments  kl 

2 -2 -1 T ranqe [MI r anse  Mixtures No. l i t e r  mole s e c  

-0 m o l e / l i t e r  x 10 x 3 

1400-2000 8-36 A l l  31 6.6 7 .1  
1400-1700 8-36 A l l  1 7  6.1 11.k 
1700-2000 9-30 A l l  1 4  5.9 8.5 
1400-1700 8- 10 R - 1  ,R-3 6 5.6 17.8 
1400-1700 17-19 R-l,R-3 7 6.1 9.5 
1700-2000 9-10 R-l,R-3 6 6.6 7.7 
1700-2000 17-19 R-l,R-3 4 4.9 14.0 

IJe conclude t h a t  k i n  an  atmosphere c o n s i s t i n g  p r imar i ly  of argon i s  

6 t 1 x 10 l i t e r  mole sec between 1400° and 2000°K, and t h a t  k /k -10 f 5 
under t h e s e  same cond i t ions .  No v a r i a t i o n  of e i t h e r  k or k /k w i t h  t empera ture  
can be e s t a b l i s h e d .  
apparent  ra te  c o e f f i c i e n t s  a t  h ighe r  va lues  of  [MI or [OH] is shown between t h e  
groups of g o i n t s  i n  mixtures  R - 1  and R-3 wi th  [MI = 9 x mole/liter and [MI 
= 18 x 10- m o l e / l i t e r .  However, t h i s  t r e n d  is not  c o n s i s t e n t l y  borne  ou t  by t h e  
few exper iments  a t  s t i l l  h igher  d e n s i t i e s  or t h e  r a t h e r  s c a t t e r e d  d a t a  from 
mixture  R-2. Such a t r e n d  may or may not  be due t o  a small s y s t e m a t i c  e r r o r  i n  
t h e  OH abso rp t ion  spectrum c a l i b r a t i o n .  

8 2 -1 -1 
2 1  

1 2 1  When t h e  p o i n t s  are p l o t t e d ,  a small t r e n d  toward lower 

.J 
To be  s u r e ,  s i g n i f i c a n t  depa r tu re  o f  a from t h e  assumed p a r t i a l  equ i l ib r ium 

va lue  of K18 [H20]/[H2] would l e a d  t o  s e r i o u s  e r r o r  i n  t h e  r a t e  c o e f f i c i e n t s  
deduced. However, t h e  a v a i l a b l e  da ta23  on t h e  r a t e s  of t h e  b imolecu la r  r e a c t i o n  
p a t h s  by which t h i s  equ i l ib r ium is approached i n d i c a t e  t h a t  a does  n o t  d e p a r t  from 
its i d e a l  va lue  by more than  one pe rcen t  under t h e  cond i t ions  of t h e  p r e s e n t  ex- 
per iments .  
t o  [OH] would be  less s e r i o u s  i n  t h e  r i c h  mix tu res  s t u d i e d  here .  

Departure of [O] and [O ] from t h e i r  assumed equ i l ib r ium r e l a t i o n s h i p  
2 

The composition of  t h e  gas  a c t i n g  as t h e  t h i r d  body i n  t h e  p r e s e n t  work 
d i f f e r s  g r e a t l v  from t h a t  which has  been used i n  any of t h e  o t h e r  s t u d i e s  i n  t h i s  
sys tem,  and t h e  r a t e  c o e f f i c i e n t s  determined cannot be compared i n  d e t a i l .  The 
va lues  found he re  a r e  g e n e r a l l y  lower than  those  r epor t ed3  s4 i n  mix tu res  composed 
p r i m a r i l y  o f  H 2 ,  ti?, and H20. Within ou r  own exper iments ,  t h e  on ly  component o f  
[MI t o  vary  apnrec i ab ly  and s y s t e m a t i c a l l y  a s  a was v a r i e d  is [tl 3 ,  which was 
about  e i g h t  times a s  l a r g e  ( a f t e r  formation of H 0, H ,  and OH) i n  t h e  exoer iments  
wi th  mixture  R-3 as i n  those  with mixture  R-2. 
than  A r  i n  catalvzinp; r e a c t i o n s  (1) and ( 2 1 ,  t h e  apparent  r a t e  c o e f f i c i e n t s  a t  
lower a would be inc reased ,  producine h ighe r  kl va lues  and lower k f k  values .  
Other  workers3,' have not  found evidence for marked e f f i c i e n c y  of 3 

2 
?f H 2  were markedly more e f f i c i e n t  

1 a s  t h i r d  body. 2 

CAS DYNAMIC INSTABILITY 
Nine a d d i t i o n a l  experiments were a t tempted  a t  t empera tures  between l l O O o  and 

1300OK. These y i e lded  apparent  r a t e  c o e f f i c i e n t s  which s c a t t e r e d  between 50% and 
200% of  those  found above 1400OK. In  s e v e r a l  of t h e s e  exper iments ,  n a r t i c u l a r l y  
those  a t  h i g h e r  d e n s i t i e s ,  t h e r e  were undu la t ions  of  t h e  OH abso rp t ion  record  and 
o t h e r  i n d i c a t i o n s  of s p i n - l i k e  i n s t a b i l i t y  i n  t h e  flow behind t h e  shock wave. I n -  
v e s t i g a t i o n  of t h i s  behav io r  is o u t s i d e  t h e  scope of  t h e  p r e s e n t  paper.  However 
it may w e l l  be  t h a t  such i n s t a b i l i t i e s  are i n  f a c t  p r e s e n t  in the h i g h e r  tempera ture  
exper iments ,  b u t  t h e l r  scale is e v i d e n t l y  f i n e  enough not  t o  d i s r u p t  t h e  k i n e t i c s  
d r a m a t i c a l l y .  

. 
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RATE AND MECHANISM OF THE HOMOGENEOUS D/H SUBSTITUTION 
REACTION BETWEEN C2H2 and D2, as STUDIED I N  A SHOCK TUBE 

Kenji Kuratani and S. H. Bauer 

Department of Chemistry, Cornel1 University 
Ithaca, New York 

INTRODUCTION 

One of the most intriguing facts which came to our attention during the course of our shock 
tube studies is the Occurance of unsuspected reactions which take place at high temperatures, 
but under conditions which heretofore had been assumed to be insufficiently severe for appre- 
ciable reactions to occur. One example, discussed in detail in this paper, is the reaction 
between acetylene and hydrogen at temperatures up to 1700°K. When one mixes acetylene and 
hydrogen at these temperatures no change in the concentration of the acetylene can be detected 
for as long as one millisecond. During this interval, each acetylene molecule is subjected to 
an enormous number of collisions with argon (the ambient gas), acetylene and hydrogen mole- 
cules. That the acetylene and hydrogen a re  actually involved in an extensive association 
reaction, but that the acetylene is rapidly replenished by the reverse processes, becomes 
evident when deuterium is used in place of hydrogen. The mechanism derived from our 
studies have given us an insight to possible structures of the transition states of acetylene 
and of ethylene. The following special features of shocks of operation a re  thereby demon- 
strated: 
(a) the samples are heated very rapidly and homogeneously, and 
(b) it is possible to follow in  time a sequence of steps for a selected reaction. 

EXPERIMENTAL 

The Shock Tube 

diameter, for which the driver section was 8 feet long and the driven section 22 feet long. 
Observations were made by recording the infrared emission at selected wave lengths for 
incident shocks. The windows were located 18 feet downstream from the diaphragm. 
Shock speeds were measured with platinum strip thermal detectors and displayed on a 
raster; the pressure profile was monitored at the window position with a rapid-response 
Kistler piezo-electric gauge. Mylar diaphragms in a variety of thicknesses were used 
and in all cases were ruptured by exceeding their yield pressures. The experimental 
section of the shock tube was pumped down with a diffusion pump to pressures of the order 
of 1 x 
run between 2 to 3 minutes after filling the tube with pre-mixed gas samples. 

The studies described below were conducted in  a stainless steel shock tube, 6" in 

mm mercury; the leak rate was less than 1 micron per minute. Shocks were 

The Optics 
Infrared transmitting windows of calcium fluoride were mounted flush with the inner 

walls of the shock tube. These a r e  grr in lendh and lOmm in width. The monochromator 
is a modified Perkin-Elmer instrument in which a 83 x 83mm B and L grating, 150 lines 
per mm, blazed at 6p for the 1st order, had been inserted. A gold-doped germanium 
detector, liquid nitrogen cooled, was mounted at  the focus on a Cassegrain mirror system, 
which served to reduce the image of the exit slit by a factor of 6. External mirrors focused 

'' 

i 
6 

i 
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a Ncrnst glowcr at the center of the shock tube. The image was then transferred by off- 
axis paraboloids and flat mirrors to the entrance slit of the monochromator. The glower 

, was used for alignment of the optics and wave length calibration of the monochromator. 
In the parallel ray portion of the external optics a 150 cps sector and various test cells 

. can be inserted. When used in this configuration the detector output was registered by 
a tuned amplifier and pen recorder. To limit the transit time for the shocked gas various 
masks were inserted in front of the mirrors.  For a signal/noise ratio of 15 to 1, the 

’ spectral resolution of this system as calibrated with HBr lines was found to be: 

11.4 cm-l/mm slit 
-1 

At 3195 cm-l,  with slits 0.4- 0.8 mm : 

2555 cm , with slits 0.5-0.7 mm : 
, 

7.3 cm / mm slit -1 

1 - 1+3 

The design features of this system have been describe& as constructedhe3Zmance 
proved superior to that anticipated in the design. 

, .: 
, . - . .  ,<. y.,(. . -  

, The-Samples 
\ Various mixtures of acetylene, deuterium and argon were mixed in glass-lined tanks 

& of 200 liter capacity and allowed to remain at  room temperature several days before use. 
\, The deuterium was the best available commercial grade and was used without purification. 
. The acetylene was washed thoroughly with concentrated sulphuric acid t o  remove the acetone. 

The shock tube was cleaned after each run. Since the reflected shock temperatures were 
; considerably higher than those needed for the incident shock exchange experiments the 
$ acetylene was extensively pyrolyzed by the reflected shocks. Much carbon soot had to 
t be removed from the tube walls and the windows after each run. 

! Selection of the Analytical Frequencies for Acetylene 
,? To select the optimum analytical frequencies at which the unsubstituted and deuterated 
( acetylenes emit at  these elevated temperatures and to determine the extent of their mutual 

1; -, interference theoretical intensity envelopes were computed for the various bands, based 
on the reported rotational constants for the ground and first excited vibrational states of 

3 acetylene%p b$ c9  ‘. 
t of acetylene present we selected the frequency 3195 cm-l, at which the contribution by 
:, C H exceeds by a factor of 6 that due to C2HD. At 2555 cm-l the relative contribution 
% due to C2HD is largest. 

, 
J 

These a re  illustrated in Figure 1. For estimating the concentration 

\ 

Quantitative calibrations were obtained at these selected frequencies. Note that 
at t = 0 (immediately after passage of the shock) all the acetylene is present a s  
C H ; whereas at a sufficiently long time, when the sample had attained equilibrium 
under shock conditions, its composition may be computed from the known equilibrium 
constants for the isotope exchange reaction. Thus, at t = 0, 

‘ 
2 2  

. 
‘ in which g represents the geometric factor of the optical and detecting system, c is 
” the initial concentration of the C H 

gas at the shock temperature. $urkermore, at equilibrium (t* -), 
(in moles/l) and E represents the emissivity $f the 

I ICO = g [E(C H ).c- (C 2 2  H ) + E (C2HD).c~ (C2HD)]X3195 2 2  -1 
‘,Note that at 3195 cm the contribution to the emission by the fully deuterakd acetylene 

1 is negligible. In the above equations it was assumed that the concentrations are sufficiently 
low 80 that no correction for self absorption need be made,- * . One can then 



12.4 

computed, the ratio E(C HD)/€(C2H2) may be evaluated. 
obtain the ratio Im/IO, and since the ratios of the concentrations of the species may be 

2 

cm(C2H2) c(C2HD) coo(C2HD) 
- +-  IC0 - -  

Io Co(C2H2) E(C2H2) Co(C2H2) 

Typical data are  given in Table I. 
-1 

The ratio of emissivity coefficients at 2555 c m  were obtained by a similar procedure. 
In this case however one cannot measure I since at t = 0 no C HD is present and the 
emissivity increases relatively slowly from I = 0 at t = 0. In part, this is due to the 
finite time for  vibrational relaxation of this mode, and the resolving time of our detector- 
amplifier system. Instead we must use I ' which is the emission intensity measured 

0' under the identical experimental conditions for a mixture of C H + H 

0 2 

2 2 2' 

L(C 2 2  H + D ~ )  = ~ C E ( C ~ H ~ ) - C ~ ( C ~ H ~ )  + 

The results a r e  included in  Table I. Hence, the emission intensity recorded at each of 
the frequencies is related to  the corresponding concentzations by: 

I (3195)&[c(C2H2) + 0.48 c (C2HD)] 

I (2555)u[c(C2H2) + 3.10 c (C2HD)1 

Calculation of Shock Parameters 

the shock front ( p  / p  ) were computed from the measured shock velocities and the known 
enthalpies of the gaseous mixtures. The initial temperature wesassumed to be 298%. No 
correction was made for the very small enthalpy change due to the isotopic substitution. 
It was observed that the shock speed attenuated slightly during its passage down the tube; 
the measured values were extrapolated to provide the shock velocity at the plane of ob- 
servation. 

The gas temperature behind the incident shock (T ) and the gas density ratio cross  2 
2 1  

THE KINETIC DATA 
-1 Kinetics of the decrease in  C H (as measured by the emission intensity at 3195 cm 

the range 1300°K to 1700°K the emission intensity rises sharply to a level which depends 
on the concentration of C2H2, due to the compression by the shock and the vibrational 
excitation of acetylene to the 1st  level. This emission remains constant over the period 

) 2 2  
When a mixture of acetylene,hydrogen and argon is shock heated to  a temperature in / 

t 
i i; 
: 

li 



g6 of (~bsvnxtion. Further, whcn deuterium and argon are  shock heated under the same condi ofis 
n o  nppi*~~i:iblc emission i s  observed. However, a mixture of acetylene, deuterium and argon 
produces :I sharp rise in cnlission which slowly decreases with time. We propose that this 
decrcasc is due t o  thc conversion of some of the acetylene to deuteroacetylene. To a first 
approximation (to be corrccted later), the emitted intensity is proportional to the product of 
a gcomctrical factor, the sensitivity of the recording system, and the instantaneous con- 
ccntrntion of the acetylcne. Let p i  represent the gas density immediately after passage 
of the shock. Then onc may write 

0 
d - p(C 2H 2) E (C 2HD) d .  p (C 211D) 

p2 !%- - + -  - 
E ( C H  ) dt 2 2  dt dt IO 

O d Y  
for the rate of change in emission with time. Note that in the analysis given belowhhe initial 
reaction rates were considered, as  derived from the initial slopes of the emission intensities 
as recorded by the oscilloscope. The time scale observed on the oscilloscope trace must 
be multiplied by the density ratio across the shock front (p /p ) to convert the “laboratorytf 2 1  reaction rate to particle time. The initial reaction rate constant is then defined by the 
equation: 0 

han e To establish the reaction order for this A&% re&ect to D values of Ro were plotted 
2’ against 1/T for a series of shocks in which the initial C H and Ar were almost 

constant but (D ) differed by a factor of two, see Figure 2. The k f k r e n c e  in rates over 
the temperature range covered is equal to m log 2, so  that m = 1 is experimentally de- 
termined. 

2 0  

To establis the order of the reaction with respect to the acetylene, the observed 6 values of R / p  (D ) were plctted against the reciprocal of the absolute temperature: see 
Figurc 3 .  In this graph three reference temperatures were selected, centered at  regions 
for which there were significant numbersof points. Effective rate constants a t  different 
temperatures were reduced to the nearest reference temperature by readin rates parallel 

0 2 2  

B 
to the average slopc. Then the logarithms 
individually plotted (for T , T  , T  ) against 

values of Ro/p (D) were 
of the density of acetyfene: see 

1 2 3  Figurc 4 .  The slopes vary somewhat with temperature; they arc  respectively, 

n = 0.29 + 0.01 at  1350°K 

= 0 . 2 0 +  0 .03  at  1455°K 

= 0.23 + 0.03 at 1612°K 

- 
- 
- 

Wo haw adopted the avcrage n = 0.24. 

Thc overall order for the exchange rcaction as measured by the rate of disappearance 
of thc C 11 was then obtained from a series of expcrimcnts corrected to a singlc temperature, 
in which the total prcssure was changed by a factor of 5, while maintaining the composition 
of the niixtrire constant. In these experiments the conccntration of cach component may bc 
cxprcssctl in terms of a single variablc which could be the density of t h e  acctylcne. The 
slopc oP a logarithmic plot of the initial ratcs against the logarithm of the initial acetylene 

2 2  
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density thus gives the total order. The result of six runs in which the acetylene density varied 
from 0 . 5 3  x 10-3 to 2 . 5 1  x 10-3 gave at T = 1455°K a value for  (n + m + 1) = 1.20  .I. 0.05.  
Since it was established above that m = 1.0 and n = 0 .24  it follows that Q = 0; that is, the 
argon concentration does not affect the i d i a l  rate of disappearance of the acetylene. The 
rate constant k as evaluated on the basis of the equation H 

was plotted against the reciprocal of the absolute temperature: see Figure 5. The deduced 
activation energy is E 
the rate of disappearance of acetylene due to reaction with deuterium, in the temperature 
range 1200" to 1700°K. 

= 3 3 . 8  + 0 . 4  kcal/mole, and the corresponding log A = 7.9 ,  for H 

-1 
Kinetics of Production of C,HD (as measured by emission at 2555 cm ) 

The procedure for measuring the growth in concentration of C HD during shock and de- 
duction of the corresponding rate  law was essentially the same as &at described above for 
the disappearance of C H . In this case there was a small additional complexity. The 
acetylene originally present in the shocked gas produced a large emission at zero time. 
This showed up as a step function with a finite rise time, due to the combined effect of 
the vibrational relaxation of the C H the resolving time of the recording system, and 
the particle passage time as the sl?o& sped by the calcium fluoride windows. Below 1600°K 
this emit ed intensity showed a rapid initial r ise  covering a period of about 20 microseconds, 
fo l lowedd  almost linear slower increase due to the production of C HD by the exchange 
reaction. Above this temperature the inflection point could not be easily detected; hence 
the data cited below were restricted to runs made below 1600'K. Again it was established 
that the order of the reaction was unity with respect to  the initial deuterium concentration. 
As tested previously, R / p o  ( D  ) values were plotted against the reciprocal temperature 
and the points were corrected to the reference temperature of 1470°K. The reduced 
R /po(D ) were then replotted against the density of acetylene. The slope of this curve 
g&e ?'or%.he order of the reactionwith respect to acetylene n = 0 .24  + 0.04, checking 
the value deduced for the rate of disappearance of C H Another plot provided a value 
for the total order, which proved to be 1.24 + 0.07.  us we have demonstrated that 
the rate of appearance of C HD and the rate of disappearance of C H under the con- 
ditions of our experiment f&ow the same functional dependence on the initial concen- 
trations of reactants. A plot of the reduced rate constant against the reciprocal of the 
temperature is shown in Figure 6.  The activation energy is E = 29.3 + 1 . 1  kcal/mole 
and the corresponding log A =  7.5. The liinitc of c r ro r  quoted for E -and E B .  D on the internal consistency of each set of runs; we consider these achvabon energies to be 
equal within their absolute limits of erroi-. 

Corrected Values for the Rate Constants 

the rate of depletion of C H and the rate of formation of C HD on the initial concentrations 
of the reactants and on the temperature are equal. It is now possible to  correct the 

and 2555 cm-l, to obtain absolute rates, by noting the relative contributions of each species 
to the intensities recorded at these frequencies: 

2 2 .  

2 
L 

0 2  2 

?, & 
2 2' 

are based 

In the preceding paragraphs it was demonstrated that the functional dependencies of 

2 2  2 
apparent rates, deduced directly from the changes of the emission intensities a t  3195 cm- 1 



dC 2HD 
+0.48 - 0.24 dC2H2 E(C2HD) - dC2HD =: -- dC2H2 

- 'k (C2H2) (D2) = - - dt -+ [ E ( C ~ H ~ )  ] dt dt dt 
31 95 

\ dC 2HD 
+ 3.10 - dC2H2 dC 2HD 

dt dt dt dt + $(C2H4)0'24(D2) = - - =-- 

2555 

, On rearranging terms: 

0.24 3.10 + 0.48 k,, 
(C2H2) (D2) 

0.24  - -  
(C2H2) (Dd = 3.10 - 0.48 

- dC2H2 - 
dt 

; Specifically, at 1470°K, 
\ 

I 

\, kc 2 2  H = 1.17 x l o 3  ( l i t e r / r n ~ l e ) ~ ' ~ ~  sec-' 

= 0.82 x l o 3  ( l i t e r / m ~ l e ) ~ ' ~ ~  sec-' kc 2~~ 

We thus find that the rate of increase of C HD is almost equal to 2/3 of the rate of decrease 
i n  the C2H . Since the acetylene is removed only by the isotopic exchange reaction (as 
demonstrated by the fact that C H plus H does not show a decrease in the emission at 

2 2  3195 cm-l), it follows that the remaining ?/3 of the C H leads to the production of C2D2. 
The rate of production of C D is then roughly 1 / 2  of &a% of C2HD. 

2 

2 2  

To substantiate this conclusion we cite rough analytical data obtained in a single-pulse 
experiment based on a sample composition and temperature pulse comparable to that used 
for  the infrared runs. Mass spectrometric analysis of a shocked mixture of C H + D 

2 2  2 showed: 
(a) The amount of H generated was definitely less but comparable to that of HD. 
@) The decrease in%he amount of C H was larger than the amount of C2HD generated. 
(c) No methane o r  ethylene was prduced. 
A few preliminary IR runs at 2350 cm-l showed that emission due to C D did rise following 

2 2 .  shock heating of a mixture d acetylene and deuterium. However, this experiment was not 
completed and no quantitative data on the rate of production of C2D2 were obtained by the 
infrared technique. 

2 

The weighted average of the energies of activation obtained from the In k 1/T plots 
(using internal consistency aa the basis for weighting E H and E D ) is 32.7 + - 1 kcal/mole. 
This leads to: 

\ 



1 2 8  

7 kc H = 8 .5  x 1 0  exp(- 32700/RT), (liter/mole)o'24 sec-' 
2.2 

= 6.0 x 10 7 e-(- 32700/RT), (liter/mole) 0.24 sec -1 
k ~ , ~ ~  

Typical sets of data a re  summarized in Table II. These a re  but examples of the large 
number of shocks run. The values given a re  for the 3195 cm-l band. 

DISCUSSION OF MECHANISM 

A thorough search of the literature has yet to be completed. To date we foilnd only 
one report on a gas phase study of the (C H + D ) reaction. Coats and Anderson3 heated 
equimolar mixtures of the two gases in 2g I& bulis for 2 - 10 minutes to temperatures 
500" - 900°C, at a total initial pressure of 300 mm Hg. The reaction bulbs were allowed 
to cool to room temperature and their contents were analyzed. In view of the diversity 
of products produced (ranging from methane to benzene, toluene and carbon deposits) 
heterogeneous steps evidently played prominent roles i n  these conversions. Their 
product distribution suggested that free radical reactions as well as molecular processes 
had occwed. There are,  of course, numerous reports on the rates and m chanisms of 
D/H substitution in hydrocarbons as catalyzed by a variety of surfaces as induced by 
radiations which generate atoms. In the latter, the primary attack is an atomic dis- 
placement o r  an abstraction. 

f n t i  

?? 
4 

The pyrolysishqetylene in shock tubes has been investigated . In this 1 oratory 
shock tube studies of the homogeneous substitution reactions between (NH3 + D2) , 
(H2S + D )5, and (HC1 $. D )6 have been completed. For these systems the rate laws are  
significant different in t h d t h e y  show an overall second order dependence, in constrast 
to the overall 1.24 order dependence deduced for (C H + D ). The observation that the 

the deuterium concentration argues against all the chain reactions we have been able to  
devise. Indeed, the observed rates a r e  much too high to be consistent with the known 
or estimated homogeneous rates of dissociation of D and of C H 4 C H + H. Finally, 
the fact that the rate of production of C2D is about half of that of 82HD suggests that 
these species are derived f rom the same &ansition state, which we designate C H D * 

2 2 2 '  The following mechanism is consistent with all the observations. 

2 

activation energy is low (-33 kcal/mole) and that the 2 2  rate depends 2 on the first power of 

2 2 2 

We postulate the occurance of two types of unstable intermediates: 
(a) C H .D 
is p&&a.x%\ sensitive to dissociation by collision with another acetylene; and 
(b) C H D *, which is an electromcally excited ethylene, with V symmetry, approdmately 
3 e.v?aEo?e the ground state [EA+ AH (C H )=: 3 e.v. pi species  in this state have 
a much greater probability for  dissociatii% f& &terval conversion to stable etheylene. 
The formal rate expression is based on the sequence: 

which is a molecular complex between acetylene and deuterium, and which 

k-1 
C2H2+D2 7 C 2 2  H * D  2 

1 

/ 

, 

Jl 

r 

I 

k 
2 

C2H2-D2 + C2Hz $ 2 C2Hz + D 



k-3 
C2H2.D2 5 C2H2D2* 
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C H D * C HD-HD 7 C 2 H D + H D  

-l t 
2 2- 2 2h-3 

C H D * C D * H  * C 2 D 2 + H 2  
2 2 2 k-3 2 2 2 k-1 

I 

The production of C H .D  via (-2) may be neglected because it is a three body process; 
2 2  2 -  it appears that AI is not an effective third body for (l), and hence is correspondingly in- 

effective for (-1). Also, during the initial stages of the reaction, the reverse steps involving 
C HD and C D a rc  negligible. Schematically, the sequence of structures is 
diagramed ii d g u r e  7. 

2 

On applying the steady state condition to the transient species C HD-HD, C H D * and 
2 2 2 2  C H - D  , one readily derives: 

2 2  2 

d(C2HD) klk301 (D2)(C2H2) 

dt k2 1 +a (C2H2) 
_ -  - 

k2 
3 

-1 4 3 

where LY = 4 
k + - k  

For  the initial rate of production of C D a similar expression follows, but the coefficient 
is  IC k / 4 k 
is obiained, w%h the coefficient 3 k k LY /4 k 

2 For the initial rate of iepletion of C H the identical functional dependence 3 2 2  The measure rate constant is thus iden- 2' tified with 3, 

3 
1 4 3  

k- + -  k + k2(C2H2) 

It is  evident that the net power dependence of d(C H )/dt on the acetylene concentration could 
range from unity to zero, depending on the magnitude of 01 (C H ) relative to unity; that is, on 
the relative efficienq for depletion of C H .D  via collisions with C H compared with that 
by decomposition and rearrangement. &ote that OL is temperature depen8ent. Even though 
many shocks  were run w e  found that a sufficient range in acetylene concentrations had not 
been covered to permit u s  to evaluate 
accounted for,  as  is  also the ratio of products produced. 

2 2  
2 2 .  

2 2 -  2 

. The rather low activation energy observed is 
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TABLE I .  Experimental Determination of the Ratios of E ’ S  

- 1  
at 3195 c m - l  at 2555 cm 

(a 1 (PI tr) (6 )  

0.225 0.315 Im (C2H2 + D2) 25.4 27.0 - 1, 

I O  

c “O(C2HZ) 

c o(C,H2) 

Io (C2H2 4- H2) 14 .0  15.0 

0.053 0.111 0.25 0.25 

Ave . 

0.49 0.465 

< 0.48 > 

0.50  0.50 

3.14 3.10 

c: 3.12> 

C0(C H 1 
C o ( D a )  

( a )  Average of 4 runs with = 3.333,  at 1600 - 1700°K 

(p) Average of 4 runs with = 2.00, at 1550 - 1650°K 

(y)  At about 1670°K 

(0) At about 1720°K 

\ 
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1. 2 3 

3 0 

C2H2 : 3 v 3  + v5 

I 
2 300 2400 2500 2600 2700 

Fig. 1 Theoretical envelopes showing relative emission 
intensities of acetylene, mono-and 
dideuteroacetylene at 1700 OK. 



F i g .  2 4 Logarithmic p l o t  of R vs  10 /T, for runs with 
c o n s t a n t  (C H ) 
by a factor*o? ?io: 

a n d 0 ( E ) ,  but ( D 2 ) o  d i f f e r s  

S o l i d  Line: C2H2/D2/Ar = 10/10/80 

Dashed Line: C2H2/D2/Ar = 10/5/85 

L I I 
6 7 

I O ~ / T  

F i g .  3 Logarithmic p l o t  of Rd' ; (D2) E 10 4 T, fo r  
a l l  runs: 



t 

Fig. 4 Logarithmic plots of the reduced values of 
R o / - s ( D 2 )  ~ s ~ , L > ( C ~ H ~ ) ~ ,  corresponding to the 
temperatures 

(a) 1350°K ( b )  1455°K ( c )  1612°K 

Fig. 5 Plot of the rate constant for the disappearance 
of C2H due to reaction with D , as measured 
from t2eldecline in emission ingensity at 
3195 cm the reciprocal temperature. 
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I 04/ T 

Fig. 6 Plot of the rate constant for the production of 
C2HD, as me sured from the rise in emission intensity 
at 2555 em-', the reciprocal temperature. 

FIG. 7 

Fig. 7 Proposed sequence of configuration for the H/D 
exchange. 
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The Kinetics of Decomposition of Acetylene in t h e  1500'K Region, 

Houard B. Palmer and Frank L. Dormish 

Departaont of Fuel  Technology, The Pennsylvania S t a t e  University 
University Park, Pa. 

Introduction 

The t h e m 1  decomposition of acetylene is one of t he  most-studied 
phenomena in t h e  c h d s t r y  of gases. 
of the C H2 molecule, i ts  thermal behavior is exceedingly complex. 
within d e  past ten , it has been studied in s t a t i c   system^ (1, 2,  
in flow SYE~OJIIS (4-8rars i n  shock tubes (9-12), and i n  flames (13). The 
t e m p e r a t v  range covered in these studies has spEnned the region from 
about 625 K to 2500°K, but with a gap i n  the 1000 K region tha t  has 
been studied only very recently (6, 14). 
of the produot distributions,  of the effects  of vessel surfaces, of 
changing surface-to-volume rat ica ,  of adding free radical capturers 
such as ND, and of adding organic compounds that  might participate i n  
the mechanism. The rate  o f  formation and the characterist ics of the 
carbons and polymers formed in the decomposition have been studied 

Despite the apparent simplioity 

Explorations have been made 

extsnsively. 

Then is substantial agreemant on some aspects of the decomposition. 
It appears to be se t t l ed  that  a t  law temperatures, a homgeneou reaotion 
u h h h  i r  E O C O ~ ~  order in P2H2] dominates the behavior.  the^ reaction is 
a ch.5.n and leads to the 
u i t h  80- side prodwts such as The activation 
energy is approximately 50 kcal 
hibited reaction is very large. 

o m t i o n  of high molecdlar weight compounds, 
C H , CH , and CkH,,. 
t&4fr&oncy factor of the unin- 

Silcocks (3) give8 

k = 3.72 I 10l6 sap(-50.2 kcal/RT) ac/mole sec. 

A heteropnooua reaotion is d s o  oblroned a t  l o w  trprpsraturss. 



Silcocks reports t ha t  it is  first-order in [C2%. with an activation 
energy of  42.7 kcal. He gives values of the ra 
temperatures. 

The s i tuat ion a t  high temperatures contains more conflict. 
has been d i f f icu l t  to detennine the order of the reaction and t h e  activa- 
t ion  energy, e i the r  with flow systems (8) o r  in shock tubes. 
i f  one preslnnes the reaction order to be integral ,  the best choice a t  
high temperatures appears to be second-order in acetylene. The ra te  
constants a t  the highest temperatures (9, 12)  disagree by a factor  o f  
about 10, but agreement is considerably be t te r  a t  temperatures below 
1900°K. 

Both Aten and Greene (9) and Minkoff and Tipper (15) agree tha t  
the rate  constants a t  high and l o w  temperature can be used t o  define 
the rate  over the whole range; L e . ,  they agree tha t  the mechanism re- 
mains the  same, a t  l e a s t  up to and including the rate-determing step. 
However, Aten and Greene prefer t h e i r  own high temperature data, while 
Minkoff and Tipper prefer those of Kistiakousky and Bradley (12). 
choices yield markedly different  resul ts ,  respectively: 

constant a t  f lve 

It 

However, 

These 

exp(-39 kcal/RT) cc/mole sec (data of ref. 9 )  k = 

(data of ref. 12)  k = exp(A5.8  bcal/RT) cc/mole sec 

Q u i t e  aside from questions raised by sucb a discrepancy, we think 
it unjustifiable t o  assume t h a t  one is measuring the ra te  of the same 
reaction sequence a t  200OoK and a t  70OoK. 
geneous reaction is a chain of length (3) on the order of 100 or more. 
There is no evidence t h a t  the reaction a t  h i d  temperature is a chain. 
Indeed the only direct experimental evidence (12) of which we are aware 
indicates that  it i s  essent ia l ly  a simple sequence of consecutive re- 
actions. 

T h e  l o w  temperature homo- 

It is clear ly  important t o  discover what happens between the lower 
limit of the shock tube studies, ca. 14QO°K, id the upper l i m i t  of the 
studies in vessels, ca. 8OO0K. This intermediate region is appropriate 
f o r  studier using f l o w  systems. 
have done exactly t h i s ,  but have concentrated most of t he i r  a t tent ion 
upon product dis t r ibut ions and the implications of these regarding the 
mechanism. Very recently, houever, Munson and Anderson (6) have pub- 
l ished work from which it is possible t o  extract  ra te  constant data 
and we shall discuss these l a t e r .  
reactor to study the decamposition over temperatures frun about 12OO0K 
to 145OOK. They had d i f f i cu l ty  i n  defining the order o f  reaction, but 
t h e i r  data compare reasonably well w i t h  shock tube data if  one assumes 
second order behavior. 

Anderson and his colleagues (4, 5 )  

T a r e l l  and Martin (8) used a flow 

The present experiments represent an e f fo r t  t o  study the decomposition 
very carefully a t  three temperatures, t he  highest of which overlaps 



the  shock tube studies. 
ing the order of reaction and the absolute magnitudes of rate constants 
a t  these three temperatures. 
performed by U e y  and Slysh (7). 

Particular attention has been given t o  detenuln- 

The work is basically an extension of that  

Ekperimental Procedure 

The apparatus was only s l ight ly  modified from the arrangement used 

The pyrolysis tube 

C H was metered w i t h  
Input 

by Kinney and Slysh (7)  and will therefore be described only briefly.  
It was a flow system operating a t  ambient pressure. 
was 5 m i.d. mfractory porcelain, sealed to Pyrex a t  the ends, and 
mounted in a furnace capable of attaining 1500°C. 
a capillaly flowmeter before being mixed with the heti& carrier.  
rates were varied so as t o  produce m i x t u r e  compositions ranging from 0.20 
t o  1.30 mole per cent C2%. 

Pt-Pt:Rh thennocouple for  each of three temperature set t ings and a t  
several flow rates. They were found to be essentially independent of 
flaw velocity, f r o m  which it i s  inferred tha t  the gas temperature was 
indeed being measured. 
the radial temperature distribution i n  the tube based upon approximate 
values for  the thennal diffusivity of the as. The estimates show th6t 
the temperature a t  the center of the tube t 2 . 5  mm from the wall) should 
not differ f r o m  the wall temperature by more than a few degrees. Because 
the furnace was short, the temperature profiles dld not possess a plateau 
region. A typical profile is shown i n  Fig. 1, together with what w e  c a l l  
the "staircase" approximation to it, by means of which it was possible to 
correct the experimental data to the temperature of M Imaginary 5-cm-long 
hot eom having a constant temperature near the actual temperature peak. 
I t  uaa also convenient to discuss the effeot of flow velocity upon the. 
per cent deoomposition i n  b n 6 6  of the f i c t i t i ous  residence t b e  ("contact 
tin") of the gas In the  imaglnarg hot zone. 

Calculations of the extent of decomposition in the hot eone uere 
carriod out for oach run by an i t e ra t ive  procedure in which an equation 
for the rate constant was assumed In order to compute the re lat ive 
oontributions from dacmporition a t  each of the temperature levels  on the 
r ta i raare .  
meant that it was quite easy to  correct fo r  tho other contributions, u e h g  
rough vdwts for the rate constants h the first trial. From the r eSUl t6  
of the runs a t  three different temperature set t ings,  a bettsr expression 
for  tho tampelrture-dopendent rate constant war derived and used in the 
second ciloulation of corrections. 
t o  y i d d  ratisfactory v d u e s  gor rate constants a t  each of the throe hot 
sono 10~01s (1333 K, 1433OL .nd 1528OK). D~toils of  these 
calculations a m  prewnted In reference 16. 

Temperature profiles ui thin the pyrolysis tube were measured v i th  8 

This conclusion is supported by estimates of  

Most of the decomposition occurrod on the top level, which 

This single iteration was found 

, 
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The helium used uas Matheson "research grade: gas, purity approximately 
99.99%. 
then through a tower containing Ascarite and Anhydrone to remove c02 and 
H 0. 

the helium stream. The mixture of C 
ice-cooled, glass wool-packed t rap b 
f ee t  i n  length tha t  served to ensure homogeneity of the mixture t h a t  
entered the pyrolysis tube. 

The first was cooled by dry ice and served principally as a pre-cooler 
to ensure good trapping efficiency in the subssquent l iquid PI -cooled 
traps. These t raps  captured acetylene, diacet ylene , vinylace$ylene, 
methyl acetylene, and allene. Hydrogen and methane were not trapped, 
but were converted to H 0 and C02 over CVO f i l i ngs  a t  7OO0C. 
carbon that  formed on &e tube wall during the run was determined by 
burning it off with oxygen a t  1255OC, running the eff luent  gas through a 
C d  trap, and capturing the C02 in Ascarite. 
polymer, deposited just beyond the furnace exit, was the only product 
ignored. Analyses were performed using vapor chromatographY and (for  
C02 and :$O) by weighing Ascarite and --ne absorption towers. 

It vas passed through a bed of Cu a t  400 C for  02 removal and 

The C2H2, a purified grade of 99.5% minimum purity, was bubbled 
before introduction into 

He was routed through a drg 
%rough concentrated H2S04 t o  remove 

entering a co i l  of tubing 4 

Beyond the water-cooled e x i t  of the furnace were three t raps  in series. 

Vitreous 

A very small amount o f  reddish 

Resolts and M s c u s s i z  

The decomposition has been studied a t  thrse temperatures: 
1433°K, and 152PK. 
to which the decomposition data w e r e  corrected. 
the present paper is upon the kinetics of decomposition. de ta i l s  of pro- 

The were in broad agreement w i t h  
the results of other ipvestigations ( 6 ,  77. 6 note of special in te res t  
i s  that the more prominent C4 product a t1333  K was vinylacetylene, but 
a t  1528'9 it was diacetylene. 

In Table I are  smmarieed the experimental data on the extent of 
decomposition of C % at various nominal contact times. 
bas i s  fo r  calculadons of ra te  constants. 
been deteradned a t  the three hot eone temperatures by examining t h e  extent 
of deconposition as a function of the initial concentration a t  fixed flow 
rate--Le. a t  fixed effect ive contact time in the hot eone. 
appear in Fig. 2, and represent mixed first- and second-order behavior. 
This may be seen as  follows: 

1333OK. 
These repreeent the effective hot eone temperatures 

Because the emphasis in 

duct anelpea m e  not presented here. 

These folmed the  
The order of reaction has 

The results 

consider a reaction wlth rata  given by 

Integration yields 

I 

J 
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where F is a maan concentration m e r  the time inter~al, ~ n d  WIU a p p ~ ~ t e -  
l y  equal (Co + C)/2 when t h e  extent of decolnpoeition is s d l .  l a e n  this  
is the case, Zq. 3 yields 

Thus for mixed fk8t and second order, a study a t  fixed tkne ( L e .  
fixed f low rats) and small extent of decomposition should show an 
approximately l inear  dependence of  the extent of decomposition upon t h e  
input concentration, with a f in i t e  interoept a t  Co = 0 i f  there is in 
f a c t  a first-order contribution. This i s  the case in Fig. 2. 

One can calculate f i rs t -order  rate constants from the intercepts i n  
Fig. 1. 
of the smaller number of points, the long extrapolation to Co = 0, and 
the larger extent of decomposition. 
to yield the extent of decomposition I n  the effective hot eone. 
in principle a multiply i te ra t ive  proaedure, but  we found that the 
correction was sufficiently small that a rough treatnent of the data 
could provide crude rate  constants from which corrections could be formed 
t o  yield good rate constants in a single i teration, as discussed earlier. 

Ib33°p& 0.745 sac- a t  1$!aoK. On an Arrhenius plot ,  these define a 
l i n e  given by 

The result f o r  1528OK is not as re l iable  as the other two because 

The calculations involve a correction 
This 1 8  

-1 0 -1 
a t  1333 K: 0.482 sec values obtfined are 0 . a  sec a t  

\ = 4.2 x 1 0  3 exp(-26 kcal/RT)sec-' 

The unoertainties in the numerical values of this expression are surely 
considerable (but d l f f i cu l t  t o  estimate). Nevertheless it is clear  tha t  
both the frequency factor  and the 8CtiVatiOn energy rule aut a homogeneous 
unimoleodar reaction. If we assum that  t h e  reaotion is heterogeneous. 
the rate constant k will be khet = k (V/S), where (V/S) i the  volup- 
to-surface ratio.  &our reactor, W U r a t i o  was 1.25 x lo-' liter/ua , 
where the units havo been ahosen so as to wit easy comparison w i t h  
the low-temperature results of Silcocks ( 3 r  The comparison is shoun 
i n  Fig.  3. khat i s  now given by 

-1 
%et = 5.25 x 10 exp(-26 kcal/RT) liter cmo2sec-l 

Pn at .Mion  O f  t u b  l i ne  @e8 through the Pllddle Of SficOckS' dab. 
It is tempting to condude tha t  the heterogeneous reactions are t h e  
but  caution i(l required beaause a modest a l terat ion of the partmeters 

is nuah more to be @omd on the mnttar of 
in th. expression f o r  

a heterogeneous decolaposition. We have noted w i t h  interest tha t  the 
yields of %, C H , and C4H all move toward ram a t  C 
plua CH becolu4&ually &e only products. Clearly ?he meohaabm of 
the rorf)oae decomposition rust be grosally different  frol t h e  gaseons 
proooss 

could aauae the costension to &s Silcocks' 
points altogether. 

* O s  and oarbon 



Fig. 2 shows t h a t  the gaseous decomposition confonns nicely t o  
second-order kinetics, and it i s  possible to obtain k,, from the'slopes. 
We have preferred t o  use data  on the per cent decomposition as  a m c t i o n  ' 
of the effective contact time in the hot zone, averaging the rata 
constants obtained fro= a nwber  of runs (6 to  8) a t  the same temperature 
but a t  various f low rates and input concentrations. 
been corrected, i n  each case, fo r  the firstorder contribution. The 
procedure (16) i s  tedious and VU not be outlined here. 

"he results have 

3 
me rss~lts for  3, ~n yt" of cc/mole sec, are: (1.40 3 8-10) x 10 

a t  1 3 3 3 O K ;  (3.42 2 0.2 ) x 1 
1528oK. 
absolute deviations of the experimental points. 

a t  1433OK; and (2.49 5 0.36) x 10 a t  
The uncertainties attached to each nssult are  the average 

Figure 4 is an Arrhenius p lo t  of all available 
from about 65oO~ to 2500°K. The sol id  curve w i l l  be 
Our data and those of Sklnner and Sokolski (ll) agree very w e l l ,  i n  the 
sense t h a t  their  higher-temperature points fall on the bes t  l i n e  through 
our results. However, t h e i r  values below about lfiOO°K (not included in 
the f igum) show a change in slope that requires comment a t  a l a t e r  point 
in t h i s  discussion. 
nry s-ar to ours, para l le l  our dab well. 
better if their  results could be readily cormcted for the contribution 
from the heterogeneous deconposition. 
are in  reasonable agreement with ours and wit1 Skinner's but show a 
smaller slope. The bes t  high temperature l i n i ,  which we have selected 
by eye, defines '6 as 

The data of Tovell and Martin ( 8 ) ,  obtained i n  reactors 
Agreement would be even 

/ /  

The resul ts  of Aten and Green (9) 

k,, = 3.2 x lor4 exp(-5O k c e l / R P )  cc/mole eec. 

The frequency factor  seems close to norenl, in contrast to that c i ted  
ea r l i e r  for the law-temperature reaction. 
is obserping an elemntarg reaction a t  high temperatures, but suggests 
tha t  the hot reaction is not  a chain. 
telspepwe l i n e  falls below the l a w  temperature k,, values by a factor  
of 10 o r  mom. 

This does not prove t h a t  one 

An extrapolation o f  the bes t  high 

Thus the quemtion remains: what happens between 80O0K and 1400°K? 
The work of Munson ard Anderson ( 6 )  contributes much toward an answer. 
They wed a flau reactor of diameter 2.2 an and, a t  high concentrations 

= 1 atan), covered temperatures from 
;;3'&0 ll23'K. They did not ob& rate C O I W ~ B ~ ~ G ,  but they do report 
the th-dependence of the C concrentration a t  six temperatures. These 
result8 are  of pmuiaion to pennit examination of the reaction 
order by the usual methods of kiaetics. O u r  analysis shows tha t  the 
reautiun is second-order in [%€+3 a t  873°K, 92J0K, and 973'K, but that  
the order is not well defined a t  the higher temperatures. The second- 
order rate aonstanta a t  the three lower temperatures a r e  in remarkably 
good agreement with an extrapolation of low-temperatun, data. 

3 om aaproxhates ahe kinetics a t  the three higher temperatures 
(1023 K, 1073 K, apd U23 K) by 8 f i r s b o r d e r  expression, the rate constants 

(20-21 mole per cent a t  p 



so obtained show a temperature coefficient corresponding to an activation 
energy in the v i c M t y  of 30 kcal. 
kinetics of the decomposition undergo a transit ion a t  about 1000°K, and 
tha t  one cannot make a d i rec t  comparison of second-order r a t e  constants 
a t  low and high temperatures. 

I n  view of the known complexity of the decomposition, it is not 
real ly  surprising to find complications in the kinetics: bu t  the behavior 
does seem extraordinary. An acceptable mechanism must: ( a )  give second- 
order kinetics a t  law temperature, w i t h  a rate  constant similar to tha t  
cited from the results of Silcocks; (b) there m u s t  be some s o r t  of 
transit ion region a t  intermediate temperatures; and (c)  a t  high temper- 
atures the reaction m u s t  be second-order but now with % similar t o  tha t  
c i ted previously from our data and the shock tube data. 

It thus seems quite c lear  tha t  the 

Behavior of t h i s  so r t  can occur i n  the mechanism presented below. 
This i s  offered as  a stimulus t o  further work. It makes no attempt t o  
account i n  detai l  f o r  a l l  products, and there is no d i rec t  evidence f o r  
the steps involved i n  it. Our comments follow each reaction postulated. 

This represents mimolecular excitation of acetylene t o  its lowest- 
lying t r i p l e t  state.  

can possess vibraZiona1 energy. 
probably occurs most rapidly when the amount of energy t o  be transferred 
is not very large (17). 
include vibrational excitation. However, because establishment o f  
vibrational equilibrium is probably rapid relative t o  the rate  of reaction 
1, one can think of a t  l e a s t  one of the C2H2 molecules as being highly 
excited vibrationally without introducing a necessity for modiwing the 
simple equation above. 

C H is shown as the coll ision partner for the 
excitation on the pres&p?ion tha t  in a mixture of C and a monatomic 

an He because it gas,  e.g. Fe, C2H will be many times more effective 
The actual change of multiplicity 

Thus a detailed mechanism f o r  reaction 1 would 

h k o f f  (2) has suggested that  the first s tep is double excitation, 
2 C H +2 C H *. This has the virtue of being spin-allowed, but the 
em$& requi%nt w i l l  be very much greater (roughlydouble) that  f o r  
s tep 1 above; t h i s  should weigh more heavily ag inst the double excitation 

constant of reaction 1. 

the s i n g l e t t r i p l e t  excitation energy, which has been estimated 79) t o  
l i e  between 42 and 67 kcal above the ground s ta te ,  using data discussed 
by Laidler (17). 

than does the forbiddenness factor (perhaps 1 0  -& ) entering into the rate 

Reaction 1 will probably have an energy barr ier  somewhat h i  her than 

( 2 )  C2H2* + C H - 2  C2H2, 2 2  
deactivation of t r i p l e t  acetylene. By microscopic reversibi l i ty  C H2 
m u s t  be much mom effective than He in the deactivation. 
presumably be a small activation energy in the ra te  constant, and a 
forhiddenness effect  in  the pre-exponential factor. 

There kd 

\ 



(3)  C H * + C2H2+CqH4* 
2 2  

This is an addition reaction to yield a t r i p l e t  dimer. The reaction 
will be in competition with step 2,  and will be fast .  The r a t e  constant 
f o r  a reaction tha t  m y  be conparap& vie,  the addition of NO2 to  C2K2, 
has been reported (18) t o  equal 1 exp(-l5 kcal/RT) ccfmole sec. 

(4) C4H4* + C H - r C  B * + C4H4, 2 2  2 2  
a chain-transfer reaction tha t  is not s b p l y  an exchange of multiplicit ies 
because formation of vlnylacetylene from C H * requires H atom migration. 
There should be an appreciable but  small a 8 t h a t i o n  energy. 
that  in a reaction of t h h  type the coll ision efficiency ("steric" factor)  
may be very low. 

We suspect 

( 5 )  CbH,+* + C 2 H 2 ' t  products. 

This alternative t o  reaction 4 is thought of  as a radical addition reaction 
leading to stable products such as  benzene. 
sake of allowing a t ractable  expression f o r  the overall kinetics. 
is, it might a lso  be thought of as  a deactivation; o r  i t  might not end 
the chain a t  a l l ,  but  ra ther  continue it by a subsequent transfer 
reaction analogous to s tep 4; or the product mig1.t in turn add to  C H 
However, observations by Robertson & 
i n  C H pyrolysis do ,support the suggestion tha t  a large fraction of the 
reach& events in step 5 do not lead t o  a contirimtion of the chain. 
It further appears from t h a t  work that  reaction !) has a large temperature 
coefficient. 
than tha t  for step 4, and t h a t  i t s  coll ision faclnr  is also much larger ;  
i n  this nay it becomes possible f o r  its rate  to the l e s s  than that  of 
step 4 a t  low temperature b u t  t o  exceed it a t  hi(;her temperatures. 

The postulated reaction scheme is terminatetl a t  t h i s  point. It is 
of course recognized in doing so that  other reactions must occur. The 
scheme is d simplified version of t ha t  discussed by Minkoff and Tipper 
(151, but  with the difference in the s i n g l e t t r i p l e t  excitation s tep  
noted previously. 

It  is oversimplified f o r  the 
That 

(19) of the  yield of benz&d' 

We sha l l  asaume t h a t  ita activation enerw is much larger 

A steady-state treatment of the scheme yields 

-d[C$&dt = [c2H2]24(5/k2)([3 - k4/(k4 + k5)]/[l + (5/$)k5/(k4 +k5)]] 

A t  low temperatures, we expect kl, >> > k 

-d[C+$]/dt = 2[C2H2l25(%/%)[1/(1 + k,k5/k&+)] 

Then 5' 

5' 
We expect 2 t o  be considerably greater than %; but with k4 > > > k 
the result s 

A t  higher t e m p r a t u z s s ,  k w i l l  compete with k and the  chain length 5 4 
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w i l l  be redwed. In the liaclt tha t  k >> k4, aontindng to b8SpIpb k >> 5. 
t h e  steady-state treatraent yields 3 

This r a t e  will be substantial ly l ea s  than that given by the PmdorrS result, 
if extended t o  high temperature. The conseqwnoe is t ha t  a t  tho tenp.rature 
when, k begins t o  compete effectively with k4, an Arrhenluu plot of the 
oppren2 second-order rate aonstant should begin to show a decreasing 
slope. 
to timt aharaaterist io of 9 ; 5  nit neem to aooniona rather w e n  to the 
plot  in Fig. 4. The trans1 on region for k4 v e m  k hppOOri3 to begin 
a t  about 9OO0K and slrt.nds to about 140OOK. 

Once the oondltion. k >>k , is reaahed, the dope will rise again 

5 

The high-temperature results cited ear l ie r  now yield 
14 5 = 1.1 I 10  exp(-5O kcal/RT) oc/mole sea 

and, using this 1, the low-tsmperatw results of Silaocka f i e l d  
2 

(lr,&) = 1.60 x 10 . 
If w require that (k /k ) 3 10( / ) a t  700°B and (k /k * 

0.2 (Le .<<  1) a t  1400°K,4th~ tempera ure dependonee of (kk/k5) I s  
found to be 

4 
5 4  9 %  

(k /k ) * 4.2 x 10 q ( - 2 5 . l  k d / R T )  . 
4 MY be used f o r  a computation of the seoond2oker rate odnsJtplft over 
the vhale temperatun range. The result is shown by the so l id  ourve in 
Fig. 4. The flt setma quit. suacetiisful, particularly when it is realiced 
tha t  the C H dbappearanoe rates reported by Nunson and Aadereon may 
have been ~p$raciably enhrnoed by heterogeneou decomposition on carbon 
pbrtiales f o d  in their maatant streaab 
b aorrsotion for thb effects the point is t h a t  the 
from their nrdb am probably too large. 

5 4  
Eplplasing t h e  thrw parameters, 5, (k / 1, and (k /k Equation. 

It is not possible t o  make 
Values aomputed 

So- o0arment on the partmeters i s  In  ordor. has a surprisingly 

in maation 1. Houwer, in a reoent study of So deaoqosit ion,  Gaydon 

triplet state appurr to be alded by enorgy trbnufer from intomil degrees 
of fmedar. 

appsrart eaorgy o? aotlvation is lowered in suoh a aase. In  C&-C21$ 

large ~ x p o n o n u i l  faator,  in rim of the v i o l a t i  'a n of upin aonaervation 

a. (20) bva  found that Pnisoleorilar exaitatlon of to its lowset 

'Xbla hra the effeat  of rnb5ng tha pn-nmntlal fbator 80 
b8 t0 1brwlr a - m b  for the  f O r b i d d . n n . 8 6  O f  tho nmthll. The 

8 d b i - r  tklr a?@ Uny po68ibfiftb8 f o r  0-w trbn8fer intarnal 

i. ao t  v o q  rullrtio. However. refiiaannt of 4 does not yet 
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The(appr0Ximste) temperature independence of is about what one 
would expect on the basis  of the ea r l i e r  
The magnitude o f  the ratio, Le. 160, is also rsasonable. 

unexpected, but no par t icu lar  significance can be attached t o  t h e  25 kcal 
difference In activation energies except to Sag tha t  it reems consistent 
with the experimtental results of Robertson etal. (19). Beyond t h i s ,  our  
ignorance of the details of the postulated steps 4 and 5 is almost total. 

A final remark should be made on the repor;; by Skinner and Sokolorki 
(11) that the rate constant for fonuation of v3.nylacetylene below about 
1500~11 lies above the lou-temperature extension of t he i r  resdts f o r  
conversion t o  all products a t  temperatures abovu l5OOoK (points shown in 
Fig. 4). If the result is real, it presents a severe complication. We 
would suggest tentat ively tha t  the i r  l o w  yields o f  vinylacetylene may ham 
l e d  to analytical errors, as indicated to some extent by the i r  d i f f icu l ty  
i n  obtaining a mass balance on reactants plus pxpduots. 

As for  (k /kb), the large r a t io  of pre-srponential factors is not 

It is possible to zvooncile most lou- and 'high-tenperaton data in 
the litaratum on acetylene pyrolysis by a o b i %  meohrmium in whioh the 
mah ahaia-Snding reaction has a stronger temporoton, dependence than 
does one of the ahain-carrylag reactions. T h b  l e a  to long chains a t  
l a w  temperatures and essent ia l ly  non-ohain beharior a t  high temparatures. 
It seem very probable t h a t  the first s tep in the mechanism is excitation 
of CpZ t o  ita lowest-lying t r i p l e t  state ,  and that one of  the chain steps 
is a spin-exchange reaction. 

sooting system, a first-order heterogeneous decomposition reaction, the 
products of which appear to be principally carbon and CH4. is expected 
t o  daminate the kinetics. 

I 

In system possessing high surfaoe-to-volume ra t ios ,  e.& in heavily 

A O h O U l ~  

W e  are indebted fa the U. S. Atomic Eaergy C o ~ s s l o n  for par t i a l  
support of this work under Contract AT( 30-1)-17lO. 
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Table I. 

Smmarg of experlmentsl data on the doaomposition rate 

1333O# 

C . t . *  c, $ Dec. 
(sec) (mole $1 
0.100 0.58 3.9 
0.150 0.57 5.6 

0.150 0.96 6.5 
0.150 1.02 7.2 
0.150 1.28 7.5 
0.200 0.52 7.5 

0.150 0.81 6.3 

0.100 
0.150 
0.150 
0.150 
0.150 
0.150 
0.150 
0.200 

0.50 8 2  
0.22 11.2 
0.27 n.4 
0.9 12.8 
0.9’7 14.3 
1.25 16.5 
1.30 16.8 
0.53 18.1 

198’d 

I 

c.t.* eo $ IkO. 
(sec) (mole $2 
0.046 0.50 9.1 

0.150 0.50 31.2 
0.094 0.50 18.2 

0.150 0.69 37.7 
0.150 0.78 39.7 
0.180 0.50 37.0 
0.190 0.9 37.8 
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Shock Tube Study of the Acetylene - Oxygen Reaction 

R. F. Stubbeman* and W. C. Gardiner, Jr. 

Department of Chemistry, The University of Texas, Austin, Texas 

A number of investigations of the high temperature  combustion of 
The techniques employed acetylene have been reported in recent years.  

have included probe studies of low p res su re  flames, spectroscopic studies of 
atomic flames, and various observations on detonation and shock waves in 
acetylene - oxygen mixtures. 
continuum emission, ultraviolet 
shock waves through acetylene - oxygen mixtures. 

We report  h e r e  a shock tube study of visible 
emission and OH absorption in incident 

E X P E R I M E N T A L  

The shock tube was constructed of 2" x 4" aluminum tubing. 
Observations were made through quartz and lucite windows mounted flush 
with the tube walls. Velocity measurements were made with a series of 
flush resis tance gauges spaced on either side of the observation station. 
Continuum emission was observed through the lucite window using an inter-  
ference f i l ter  of about 80 A bandwidth centered at 4320 A for  wavelength 
selection and a IP28 photomultiplier tube for detection. The photomultiplier 
current  pulses were amplified and then converted to logarithmic scale  with a 
high frequency operational amplifier for oscilloscope recording. 
violet emission was observed using a Beckman DU monochromator for  wave- 
length selection and a lP28 for detection. 
using a light source consisting of a microwave discharge in about 10 mm of 
argon containing a t race  of bismuth vapor. 
3067 A was isolated with the DU monochromator and used for  monitoring OH 
concentration. Sensitivity of the absorption system was calibrated by obser- 
vations of OH concentration at chemical equilibrium in shocks through 
H -02 mixtures. The arrangement of the equipment was such that either OH 
agsorption or  ultraviolet emission could be observed simultaneously with the 
continuum emission, and that the origin of the effects observed in the two 
measuring systems was  identical with m a x i m u g e r r o r  of 3 microseconds. 
The shock tube was readily evacuated to  the 10- 
gassing and leak rate  of about 2 microns per  hour. 

UItra- 

Absorption studies were made 

The bismuth resonance line at 

m m  range and had an out- 

Experimental mixtures were prepared in a conventional mercury-  
pumped vacuum system. 
and oxygen concentrations varied from . 3 4  to  7.3 percent,  the remainder  
being argon diluent. 
observed. Initial p re s su re  in all experiments was 5 mm. No-reaction 
temperatures  computed from shock velocities covered the range 1500 - 
2200 OK. 

The acetylene concentration was about one percent 

Conventional precautions in purification and mixing were 

*Present zddress: Esso Research and Engineering Company, Linden, N. J. 



R E S U L T S  

Both the visible and the ultraviolet radiation appeared as a pulse, 
following an induction period. The ultraviolet emission, which was observed 
at 2196 A, was f a r  weaker than the visible emission, but both had essen- 
t ia l ly  the same pulse shape and appeared simultaneously. Hydroxyl r a t$a l  
concentration rose  t o  values above the detectability threshoId, about I O  
moles / l i t e r  in these experiments,  just the emission pulses  were returning to  
baseline. 

Induction t imes  defined by appearance of OH could be plotted as log 
(02)xt. versus  1 / T  as in the hydrogen - oxygen study of Schott and Kinsey o r  
in ea r l i e r  studies of the  acetylene - oxygen reaction by  Kistiakowsky and 
coworkers. 
about 2-3 t imes  longer than induction t imes  previously measured  for  this  
reaction using observations of onset of density change due to  heat r e l ease  in 
reaction, vacuum ultraviolet emission o r  ionization t o  define the end of the 
induction periods. 

The resul t ing plot showed that the OH induction t imes  were 

Time constants for  the exponential r i s e  in intensity of the continuum 
emission were obtained f rom the l inear  portions of the logarithmically 
recorded pulses. These,  when plotted in the  above form, showed no t em-  
pera ture  dependence, in contrast  to  the strong tempera ture  dependence 
(activation energy about 20 kcal/mole) found by Kistiakowsky and Richards 
for  the t ime  constants of the vacuum ultraviolet exponential r i se .  

The lack of tempera ture  dependence for  .:he exponential rise constants 
led t o  a v e r y  strong t empera tu re  dependence of :he rat io  of continuum emis-  
sion induction t ime t o  decadic t ime constant, which is a measu re  of the num- 
b e r  of decades of concentration through which the emitting species  r i s e s  as  
chain branching react ions proceed. 
around 30, but at 2100 O K  they were down t o  l e s s  than 10. 

At 1800 O K  these values scat tered 

Peak  intensity of t he  continuum pulses  was a l so  strongly dependent on 
Between about 1600 OK and 2100 "K this  was found t o  increase  tempera ture .  

by  about a factor of I O .  
stoichiometric. 

Emission was s t rongest  in mixtures  near  

A search was made  for  s t ruc ture  in the ultraviolet emission intensity 
in  the region 2000 - 2200 A. 
constant strength in a lean  mixture.  
be uniform. 

This  was done in i. s e r i e s  of shocks of near ly  
The intensity distribution appeared t o  

. 

D I S C U S S I O N  

Previous shock tube studies on this  reaction indicated that the main 
reaction sequence of the  induction period could be understood in t e r m s  of 
the following branching chain sequence: 

I 



H t 0 2  --* O H +  0 

O +  C2H2 - -3  O H +  C2H 

O H +  C2H2 w - 3  H 2 0 +  C2H 

C 2 H +  C2HZ - -3  C4H2 t H 

C2H t O2 --j  * GO t H. 

This  mechanism was proposed in order  t o  account for  the s imi la r i ty  of 
Hz - 0 and C2H2 - O2 induction period behavior and for  the appearance of 
diacety3ene in m a s s  spectrometric studies of shocked C H2 - O2 mixtures. 
Several features  of the high temperature reaction are n& accounted for, as 
for example ionization or the  appearance of formaldehyde; this provisional 
mechanism would have these  features  considered as side react ions not con- 
tributing t o  the main chain. Any side product whose concentration depends 
on the concentration of main chain species, however, i s  a satisfactory 
disgnostic fo r  the progress  of the chain reactions. It was proposed by Hand, 
fo r  example, that the vacuum ultraviolet radiation observed by Kistiakowsky 
and Richards was due t o  excited CO produced by reaction of 0 with CH 
produced by  oxidation of C2H. 
indirect measure  of the chain c a r r i e r  concentrations at any given time. 
Likewise, the continuum emission observed in this  work comes f rom 
electronically excited GO2, which is produced f rom reaction of 0 with CO, 
and is ,  therefore, a lso an indirect measu re  of chain reaction progress .  

The CO emission, therefore ,  would be an 

Consideration of this  reaction sequence shows that OH concentration 
should become observable when the chain has  progressed  t o  the  point of giv- 
ing macroscopic evidence of reaction, i. e. final products or heat  evolution. 
In this work, however, it was found that the OH concentration r i s e s  only 
much la te r ,  after most of the final products have been formed. 
therefore ,  that OH is rapidly suppressed against i t s  high ra te  of production 
in the chain by other reactions. When the acetylene concentration begins to  
decrease ,  this could be 

It follows, 

O H +  CO - -3  C02  t H. 

The decay o f  continuum and ultraviolet radiation appeared t o  be 
simultaneous under all conditions, indicating that they probably have a com- 
mon source. 
the continuum radiation is a stable product, 0 is the most  likely candidate 
for this  role. 
pathway is 

Since one of the reaction par tners  producing the emi t te r  of 

A probable I ts  destruction can only be by a final product. 

O t H 2 0  --> O H t O H .  

The lack of temperature dependence found for  the exponential growth 
constant is  probably complex in origin. 
balance of the increasing rate of chain center multiplication, as temperature 
increases ,  by increased r a t e  of destruction of those par t icular  species  lead- 
ing to the continuum emission, namely 0 and CO. 

It is likely t o  be due t o  a counter- 

Fai lure  t o  find the CO 4th positive system in the 2000 - 2200 A 
region is probably due t o  instrumental limitations. 

This work was supported by the U.S. Army Research Office - Durham. 
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Chemi-ionization Reactions i n  High 
Temperature Hydrocarbon Oxidat ion 

Joe V. Michael and Graham P. Glass 
I 

Chemistry Department , Harvard University,  Cambridge, Mass. 

Introduction 

The mechanism of chemi-ionization i n  hydrocarbon oxidation 
react ions has a t t r ac t ed  much i n t e r e s t  i n  recent years.  Ionizat io  
i n  hydrocarbon flames has b e s tudied by means of Langmuir probe!:* 
mass q s c t r o m e t r i c  samplingf "and microwave a t tenuat ion  measure- 
ments. By using these techniques the  concentration of ions i n  t he  
flames of lower hydrocarbons has been measured and has been shown 
t o  be too great  t o  be accounted fo r  by thermal exc i ta t ion .  Most 
inves t iga tors  agree that the  ions are formed by chemical react ions 
but the nature of these react ions as y e t  is not absolutely c lear .  
The high hea ts  of formation of most organic ions places  severe 
energet ic  r e s t r i c t i o n s  on the  react ion which produces ions,  
and much e f f o r t  has been spent considering reaqtion? exothermic 
enough t o  do t h i s .  The reac t ion ,  CH + 0 = CHO + e , has been 
suggested as a probable ion forming reac t ion ,  byt no conclusive 
evidence f o r  it  has been found. To be sure  CHO (mass 29) has 
been observed by many inves t iga tors  i n  flames, but  it has always 
appeared i n  conCentrations guch below t h a t  of t he  mor$ abundant 
ions (e. g .  H30 ) .  Calcote has pointed out that CHO would be 
expected t o  undergo rap id  proton t r ans fe r  reac t ions  with water, 
a product of these oxidations,  thus explaining i ts  presence i n  
such low concentrations.  

2 

invest igat ion of low pressure a3e$ylene-oxygen+flames. 
was observed i n  t he  flame p r o f i l e  ahead of H 0 
concentrations and i t s  abundance was kndepenient of t h e  s toichio-  
met ry  of t he  flame. 
vat ions on the  bas i s  of charge t r ans fe r  react ions from CHO . 

Calcote has detected the  C H + ion i n  a mass spectrometric 
This ion 

i n  q u i t e  la rge  

It is d i f fucu l t  t o  account f o r  these  gbser-  

The work described i n  t h i s  paper w a s  performed using shock 
tubes,  and the  react ions which occur during the  oxidat ions of 
both methane and acetylene were s tudied by m e a n s  of a ungmuir  
probe and a l s o  by m e a n s  of a t ime-of-fl ight mass spectrometer 
which was adapted t o  detect  t h e  chemi-ions formed during the  
reac t ions .  

I 



1;@ Exper imen t a  1 

The apparatus i n  which the Langmuir probe measurements were 
made w a s  sub t a n t i a l l y  t h e  same as t h a t  described by Hand and 
Kistiakowsky . Shock waves were generated i n  a th ree  inch I. D .  
s t e e l  tube and shock wave ve loc i t i e s  were measured by gold fi lm 
res i s tance  gauges the  outputs  of which were displayed on a r a s t e r  
sweep oscil loscope. 
wave passed through a l i thium f luor ide  window and was  detected 
by means of an RCA 1P28 p p t o m u i t i p l i e r .  An in te r fe rence  f i l t e r  
was used t o  i s o l a t e  the  A A 3 X  TT system of CH. 
of a 12 m i l  diameter tungsten wire placed i n  the  shock tube i n  a 
p l a n e  defined by the o p t i c a l  s l i t s .  
inch of the  w i r e  was insu la ted  with Armstrong A 2  cement, the t i p  
o f  t he  probe being near t h e  shock tube ax i s .  
t o  the  apparatus was the  introduction of a removable piston which 
could be placed seven m i l l i m e t e r s  behind the  cross  sec t iona l  plane 
which contained the probe. This allowed the  react ions i n  the  
s ta t ionary  gas behind the  r e f l ec t ed  shock t o  be s tudied,  thus 
removing the complicating e f f7c t  of the  aerodynamic interact ion of 
the  moving gas with the  probe. 

7 

Radiation from the  heated gas behind the shock 

The probe consisted 

A l l  but the l a s t  one-quarter 

The major modification 

The second technique combines a shock tube and a Bendix time- 
o f - f l i g h t  mass spectometer i n  a redesigned apparatus which i s  a 
s ign i f i can t  gmprovement over the  one described by Bradley and 
Kistiakowsky. Complete m a s s  spectra  of the  reac t ing  gases can be 
obtained every 20 o r  50 )Isec.  Data is recorded by means of Polaroid 
10000 ASA speed f i lm.  Normally a t o t a l  of twenty-one spectra  a r e  
displayed on three  Tektronix 531-A osci l loscopes so t h a t  t he  amount 
of observable reac t ion  time i s  a l i t t l e  over a millisecond with 
20 KC operation. The mass range can be adjusted a t  w i l l  before 
the s ta r t  of an experiment. 

Sampling is through a small pinhole (.004 i n .  diameter) i n  the 
t i p  of a small conica l  nozzle (1 nnn. by 1 mm. pointed away from the  
mass spectrometer) a t  t he  end of the shock tube. It is f e l t  tha t  
t h i s  small nozzle reduces problems caused.by boundary l a y e r  bui ld  
up on the  re f lec t ion  p l a t e  onto which the  nozzle is  mounted. 

The shock tube is  one inch i n  diameter and 2 . 7 5  meters long. 
Shock ve loc i t i e s  are measured with four th in  f i lm res i s tance  gauges 
( e i the r  P t  or  Au) spaced t e n  centimeters apa r t .  The s igna ls  from 
these gauges a r e  displayed on a raster osci l loscope.  
tu res  are calculated us ing  idea l  shock r e l a t ions  i n  both incident 
and r e f l ec t ed  shocks. 

Shock tempera- 

A l l  experiments with t h e  t ime-of-f l ight  mass spectrometer 
reported here w e r e  c a r r i e d  out with f i v e  percent reac tan ts  i n  
n inety-f ive percent krypton. 
probe apparatus w e r e  c a r r i e d  out with one percent reac tan ts  i n  
n inety-nine percent argon. 

The experiments with the Langmuir 



Results 1 6 1  

Ions and s t a b l e  products were observed using the  t ime-of-fl ight 
mass spectrometer i n  the  oxidations of both acetylene and methane. 
Both types of species arose concurrently a f t e r  an  induction period 
cha rac t e r i s t i c  of a branching chain react ion.  I n  both systems the 
t o t a l  ionizat ion was observed using t h e  Langmuir probe technique. 
The ionizat ion rises exponentially with time and the  measured/ 
time constants provide a convenient method f o r  determining 
r a t e s  of the  branching chain react ions.  
a major par t  of t he  react ion s ince ,  f o r  example, i n  t he  oxidation 
of acetyleneg the  maximum concentrat on which the  ions achieved 
was about 10 7ions/cc. This was 10 of t h e  i n i t i a l  acetylene 
concentration. 

the  
Ionization is not,  however, 

-6 

The individual ions produced were indent i f ied with the t i m e -  
o f - f l i gh t  mass spectrometer. The la rges t  mass peaks i n  t he  acety- 
lene-oxygen sys tem were 39 and 19. 39, 31, 19,  and 37 were 
observed i n  the methane-oxygen sys tem.  By using deuterated acety- 
lene and methane the  following assignments were made f o r  the  
d i f f e ren t  species: 

Figure 1 shows the  time A d t o r y  of 2he ion iz j t i on  i n  t9 ypical 
expe rben t s  with acetylene-oxygen. 
f i r s t  ion observed followed later by H 0. 
the  reactant  mixtures were: 
(B) 3.75 O2 + 1 .25  C2H2 + 95 K r .  
i n  mixtures where acetylene w a s  i n  excess over oxygen. 

39-C H+ ; 31-CH O+; 37-H O-H20+;  19-H20+. 

It 14 seen that C3H3 i s  t h e  
In these experiments 

(A) 3 O2 3 2 C2H2 + 95 K r ,  and 
Ionization was not observed 

$3€Ii was a l so  the  f i r s t  ion observed i n  th$ oxidation of methane. 
a ose a t  nearly the  same t 9 e  as d id  C H but i t s  concentration CH30 

was much lower. H 3 0  and H30*H20 arose  concurrently a t  s t i l l  
later times. 

3 3  

In the acetylene-oxygen system the  time constant measured for  
the  growth of ionization , using the Langmuir probe technique, was 
found to  be ident ica l  t o  that measured f o r  thf simuitaneous growth 
of chemi-luminescent rad ia t ion  from the  CH (A A-+X a) system. 

In e a r l i e r  experiments with the  t ime-of-fl ight mass spectro- 
meter, the  s t ab le  products B!gerved i n  t h e  oxidation of acetylene 
were CO, H 0, COZY and C H 2 .  
the  preseng study. COY bo2, H20, and C2H were observed as s t ab le  
products i n  the methane-oxygen system. 
i n  3 0 + 2 CH4 + 95 K r ,  and it was absent i n  1.4 O2 + 3 . 6  CH +95 K r .  
C H w i s  found t o  be a major product i n  the la t ter  m i x t u r e  bu t  2 4 s  formed i n  qu i t e  small quant i t ies  i n  the former. 

Discussion 

These r e s u l t s  were confirmed i n  

C8, w a s  a major product 

C3H: has been observed by several inves t iga tors  i n  hydrocarbon 
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oxidation systems. AS has bqen s t a t e d  previously,  Calcclte de- 
tec ted  t h i s  ion ahead of H30 i n  a d i l u f e  low pressure flame of 
acetylene and oxygen. Green  and Sugden 
i n  flames a t  somewhat higher pressures.  The following react ion 
scheme? have been suggested by these workers f o r  t he  formation 
of C3H3. 

Calcote : 

2 

have also observed t h i s  i o n  

(1) CH * 0 = CHO' + 0 -  . .  
(2) CHO+ + H20 = H 0 ++ CO 
(3 )  H30 -t C3H2 = ?3H3 4- H20 

Green and Sugden: 
(1) CH -$ 0 = CHO' + p- 
(2)  CHO+ + H 0 = H 0 
(4) H 0 ++ C b , O  = SH30+ + H20 
(5) Cd30 + C2H2 = C3H3 + H20 

-$ CO 

+ In both of these mqchanisms, C H 
react ions from CHO . 
gas behind a r e f l e c t e d  shock wave i s  much b e t t e r  defined than i n  
a flame where d i f fus ion  and cold boundary l a y e r  $ f f ec t s  coyld 
inva l ida te  measurements, and it i s  f e l t  t h a t  C H 
the  f i r s t  ion formed since it i s  the f i r s t  ion30%erved i n  these 
experiments . 

i s  formed by charge t r ans fe r  
Howe~er ,~ tAe  t i m e  h i s to ry  i n  the  s ta t ionary  

an$$HO , is 

+ Two s t ruc tures  appear t o  be f eas ib l e  f o r  t he  C3H3 ion: 
+ (A) HCZC-CH2 + 

and (B) H(@,CH 
CH 

The cyclopropenyl ion (B) is believed t c j  be the  more probable s t ruc-  
t u r e ,  s ince  it has grea t  s t a b i l i t y  due t o  delocal izat ion of i t s  
B electron system. 
of t he  cyclopropenyl ion have been synthesizfd and halogen s a l t s  
a r e  completely d issoc ia ted  i n  polar so lvents .  Furthermore, a 
p laus ib le  mechanism f o r  it 
possible ,  whereas such a mechanism f o r  the  formation of (A) is 
d i f f i c u l t  t o  j u s t i f y  o n  a n  e n e r g e t i c  bas i s .  

Tr i - subs t i tu ted  a l i p h a t i c  and aromatic analogs 

can be suggested which is energe t ica l ly  

I f  (B) i s  t h e  co r rec t  species i t  should be extremely s t a b l e  
and should undergo l i t t l e  o r  no charge t r ans fe r .  
is removed from t h e  system by chemical reac t ion ,  perhaps with 
oxygen r e su l t i ng  i n  the production of other  ions.  Indeed i n  
expqriments where oxygen is i n  excess the+rate  of f a l l  o f f  f o r  
C3H3 is  f a s t e r  and t h e  t o t a l  y ie ld  of H30 
experiments where oxygen is present i n  s toichiometr ic  quan t i t i e s  
(see Figure 1). 

The ion probably 

i s  grea te r  t h a t  i n  

The following mechanism i s  proposed fo r  the  formation of C3Hl: 
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( 6 )  CH + C2H2 = HV+ + e- 

The heat of formation has been determined by Wiberg et al l ' for  C3H>o 
be 2 7 1  kcaljmole. This value i s  higher t h a n  t h a t  estimated by 
a simple molecular o r b i t a l  ca lcu la t ion  coupled with thermodynamic 
considerat ions,  and the value measured by Wiberg e t  a1 m y  r e f e r  
t o  s t ruc tu re  ( A ) .  However i f  t h e  Wiberg value does apply t o  (B) 
then rearjtion (9) is  nearly thermonesra l  i f  the  CH r ad ica l  is  
i n  i t s  A A o r  B F s t a t e .  I f  t he  calculated value is cor rec t  then 
the CH r ad ica l  could even be i n  i t s  ground statp and react ion (6) 
would be close t o  thermoneutrali ty.  Both CH (A A) and CH grfynf3 
s ta te  a r e  known t o  be present i n  t he  oxidation of acetylene.  
Since there  is some evidence f o r  t he  existence of acetylene i n  
the  oxidation+of methane,  react ion (6) could a l s o  explain the obser- 
vation of  C H i n  t h i s  system. 3 3  

The above mechanism has recieved some support from the  obser- 
vation of chemi-ionization i n  t h e  react ion of iodoform and acety- 
lene.  The chemi-ionization had a n  "act ivat ion energy of formation" 
much below that usual ly  found ( 5 5  kcal/mole), and the  ionizat ion 
w a s  believed t o  be produced from the  react ion of acetylene with the 
breakdown products of iodoform (CH and C H I ) .  

' 

This mechanism is a l s o  consis tent  with the  observation thip 
the  t i m e  constants f o r  the  rise of ion concentration and CH(A LCSX T )  
rad ia t ion  w e r e  i den t i ca l  i n  the  ea r ly  s tages  05 t he  acetyleqe- 
oxygen react ion.  
which has previously been proposed 
these systems is not consis tent  with t h i s  observation. 
and 0 would be expected t o  be intermediates i n  t he  branching chain 
reac t ion ,  and therefore  the  concentrations of both would be ex- 
pected t o  r ise exponentially i n  the  early s tages  of react ion.  
Thus t h e  inverse time constant f o r  the  growth of ionizat ion would 
be e q p l  t o  the  sum of the  inverse time constants f o r  t he  r ise 
of CH4nd 0 concentrations.  

- 
However the rnecynism, CH (A A)  + 0 = CHO + e , 

f o r  t h e  formation of ions i n  
Both CH (A2A) 

The authors wish t o  thank Professor G .  B. Kistiakowsky f o r  h i s  
many helpful  suggestions. We a l s o  wish to thank D r .  Hiromi Niki 
and Dr. J. L .  Michael fo r  help i n  t he  experiments with the  time- 
o f - f l i g h t  mass spectrometer. 
technique was supported by the  Office of Naval Research and that 
with the  t ime-of-fl ight mass spectrometer by the 'Nat ional  Science 
Foundation. 

The work with the Langmuir probe 
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Figure 1. H e i g h t  of ion peaks versus time i n  two experiments. 

Experiment A : 

2 C2H2 + 302 + Kr a t  1600'K; 
curve 2 i s  acetylene, & i s  m = 39 
( C3H?j), 2 is m = 1 9  (H30+). 

' 

Experiment B: 

1.25 C2H2 + 3.75 O2 + 95.Kr a t  1700°K; 
2, b, and 5 r e fe r  t o  the  same species  
a s  i n  5.  



SHOCK TUBE EVALUATION OF HYDRAULIC FLUIDS 

Gordon B .  Skinner 

Monsanto Research Corporation, Dayton 7, Ohio 

INTRODUCTION 

While the  shock tube has been used ex tens ive ly  i n  t h e  s tudy  of 
gas-phase r eac t ions ,  r e l a t i v e l y  few s t u d i e s  have been made of gas- 
l i q u i d  r e a c t i o n s .  The main reason f o r  t h i s  has been t h e  d i f f i c u l t y  
i n  i n t e r p r e t i n g  the  d a t a  obtained when t w c ,  phases a r e  i n i t i a l l y  
p r e s e n t ,  because t h e  a d d i t i o n a l  s t e p s  of crop break-up, evaporat ion 
and mixing need t o  be considered, as  w e l l  as chemical k i n e t i c s .  

A s tudy  of t h e  combustion process  when n-hexadecane is i n j e c t e d  
as a f i n e  spray i n t o  shock-heated a i r  was made by Mullaney (Ref. 1 ) .  
By high-speed photography he was a b l e  t o  observe i n j e c t i o n  of t he  
spray,  evaporat ion of t h e  d r o p l e t s ,  and spontaneous i g n i t i o n .  I n  
most of h i s  experiments combustion s t a r t e d  before  evaporat ion was 
complete. Shock tubes have a l s o  been used by Morrell  and co-workers 
(Ref.  2 ,3 )  and by Hanson, Domich and Adams (Ref. 4 )  t o  s tudy t h e  break- 
up of l i q u i d  j e t s  by r a p i d l y  moving gas streams. These i n v e s t i g a t o r s  
used i n e r t  l i q u i d s  t o  s t u d y  a tomiza t ion  of t h e  l i q u i d s  without t h e  
complications introduced by combustion, a r d  were a b l e  t o  ob ta in  equa- 
t i o n s  r e l a t i n g  atomizat ion time t o  phys i ca l  p r o p e r t i e s  of the l i q u i d  
and g a s .  

The o r i g i n a l  i n t e n t  of t h i s  work was t o  develop a method of 
r a t i n g  the i g n i t i o n  c h a r a c t e r i s t i c s  of f i r e - r e s i s t a n t  hydrau l i c  
f l u i d s  t h a t  could be r e l a t e d  t o  t h e  s i n g l e - c y l i n d e r  engine tes t  
(Ref. 5 )  c u r r e n t l y  used, y e t  r e q u i r e  much less f l u i d  f o r  an eva lua t ion .  
The r e s u l t s  shed some l i g h t  on t h e  parameters governing l i qu id -gas  
r e a c t i o n s .  

' EXPERIMENTAL 

' The shock tube used f o r  t hese  experiments has been descr ibed 
i n  d e t a i l  elsewhere ( R e f .  6 ) .  B r i e f l y ,  it is 3 inches i n  diameter,  
with 12-foot  low-pressure and 20-foot high-pressure s e c t i o n s .  Shock 
speeds a r e  measured by t iming t h e  passage o f  a shock wave between 
s t a t i o n s  55 and 7 inches from t h e  c losed  end of the low-pressure 
s e c t i o n .  Gas temperatures and f low v e l o c i t i e s  are c a l c u l a t e d  from 
the shock speeds. A p i e z o e l e c t r i c  p re s su re  t ransducer  is mounted 
i n  t h e  top of t h e  tube, 3 inches from t h e  closed end, while a fused 
qua r t z  window (covered except  f o r  a 2 mm v e r t i c a l  s l i t )  is ir, t he  
s i d e  of t h e  tube, a l s o  3 inches  from t h e  end. Light emit ted by 
combustion i n  t h e  tube is d e t e c t e d  by a pho to -mul t ip l i e r  tube 8 inches 
away from t h e  tube,  which a l s o  was covered except f o r  a 2-mm v e r t i c a l  
s l i t .  Because of t h e  s l i ts ,  l i g h t  emit ted only from gas 3 inches from 
the end of the tube was d e t e c t e d .  
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A 0.01 n i l  drop of t h e  l i q u i d  t o  be t e s t e d  was placed on a n  

1s gauge copper wire placed crosswise i n  the  tube j u s t  below the  
ci.nartz window. Since t h e  wire curved downward s l i g h t l y  i n  the 
middle, t h e  l i q u i d  remained toge the r  as a hanging drop, only a 
small f r i ac t ion  being i n  c l o s e  con tac t  w i t h  t h e  wire .  I n  a l l  Cases, 
t h e  d r i v e r  gas was helium a t  85 ps i a ,  wh i l e  t h e  i n i t i a l  a i r  pressure 
i n  the low-pressure s e c t i o n  was v a r i a b l e .  

RESiTLTS 

‘The i g n i t i o n  t i m e  of a f l u i d  sample is  taken a s  t ha t  between 
t h e  passage of the  r e f l e c t e d  shock p a s t  the p res su re  t ransducer  and 
the moment when the l i g h t  i n t e n s i t y  reaches 1% of i t s  maximum Value. 
These i g n i t i o n  times have been p l o t t e d  a g a i n s t  t he  c a l c u l a t e d  tempera- 
t u r e  o f  the  a i r  behind t h e  r e f l e c t e d  shock wave. While t h e  inc iden t  
shock wave i s  important i n  causing break-up of t he  f l u i d  d r o p l e t ,  t h e  
f l u i d  d r o p l e t s  remain i n  t h e  i nc iden t  shock region for only about 
0 .3  mil l isecond compared t o  t o t a l  i g n i t i o n  times of 1 t o  5 mil l iseconds.  
Therefore the temperature behind t h e  r e f l e c t e d  shock wave seemed t o  be 
the m o s t  meaningful s i n g l e  number by which t o  c h a r a c t e r i z e  the expe r i -  
mental cond i t ions .  

Figure 1 shows the i g n i t i o n  delays found for xylene and th ree  
hydraul ic  f l u i d s .  MS-2110-H i s  e s s e n t i a l l y  a l i g h t  hydrocarbon l u b r i -  
c a t i n g  o i l ,  while MIL-H-19457 is  a phosphate e s t e r ,  one of t he  m o s t  
f i r e - r e s i s t a n t  f l u i d s  a v a i l a b l e  of which the  general  formula i s  

Since,  i n  t he  engine t e s t  of Reference 5, t h e  a c t u a l  measured q u a n t i t y  
I s  the compression r a t i o  r equ i r ed  t o  cause I g n i t i o n  of  a spray of 
hydraul ic  f l u i d  i n  2 mi l l i s econds  t i m e  as t h e  p i s t o n  i s  approaching 
t h e  top of i t s  s t r o k e ,  i t  i s  appropr i a t e  t o  compare t h e  engine compres- 
s i o n  i g n i t i o n  r a t i n g  (expressed a s  a compression r a t i o )  t o  t h e  
r e f l e c t e d  shock temperature r equ i r ed  t o  give i g n i t i o n  of t h e  f l u i d  i n  
2 mi l l i s econds .  Engine compression i g n i t i o n  r a t i n g s  of t h e  above 
four f l u i d s  have been measured (Ref.  5 ) ,  and have been p l o t t e d  
a g a i n s t  t he  2-mill isecond shock temperatures i n  Figure 2. The 
c o r r e l a t i o n  between t h e  two tes ts  i s  good, but t he  l i n e a r  r e l a t i o n s h i p  
found over the  range covered experimental ly  cannot be expected. t o  hold 
f o r  higher  or lower r a t i n g s .  
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formula 
Of a number of exp lo ra to ry  hydrau l i c  f l u i d s  t e s t e d  one, of 

had t h e  high i g n i t i o n  temperature of 1365'K., which from the ex t r apo la -  
t i o n  o f  Figure 2 would i n d i c a t e  an engine tes t  r a t i n g  of about 80. 

DISCUSS I ON \ 

There i s ,  and probably w i l l  be for some time, a ques t ion  as t o  the 
r e l a t i v e  importance i n  t h e  i g n i t i o n  process  of t h e  phys ica l  f a c t o r s  of 
drop break-up, evaporat ion,  convective and d i f f u s i v e  mixing on the  one 
hand, and chemical r e a c t i v i t y  on the o t h e r .  

Morrell  and P o v i n e l l i  (Ref. 3) have developed an equat ion f o r  t h e  
t i m e  f o r  break-up of l i q u i d  cy l inde r s  by shock waves, which should a l s o  , 
apply approximately t o  drops.  The break-up times o f  the  0.01 m l  drops , 
of "standard l i a u i d s  used i n  t h e  above exDeriments have been ca l cu la t ed ,  
as fol lows:  

Liquid 

MS -211 0-H 
Fluid AV 
Xylene 
MIL-H- 1945 7 

Calculated Break-up 
Time, mi l l i s econds  

0.24 
0.31 

0.25 
0.81 

These drop break-up times do not  c o r r e l a t e  wi th  t h e  i g n i t i o n  data, 
s i n c e  the break-up times of the most and leas t  flammable l i q u i d s  a r e  
t h e  same, while t h e  c a l c u l a t e d  break-up times f o r  F lu id  AV and xylene, 
which have similar i g n i t i o n  temperatures,  are  d i f f e r e n t .  Moreover, 
t h e  b o i l i n g  po in t s  of t h e s e  l a t t e r  two compounds d i f f e r  considerably,  
being 325" and 140°C, r e s p e c t i v e l y .  It seems, t h e r e f o r e ,  t h a t  under 
t h e s e  condi t ions t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  f l u i d s  a r e  less 
important than chemical r e a c t i v i t y  i n  c o n t r o l l i n g  t h e  i g n i t i o n  delays.  

The author  wishes t o  acknowledge the  suggest ion,  made by 
Gordon H.  Ringrose, t ha t  t h e  shock tube could be used t o  tes t  t h e  
r e a c t i v i t y  of h y d r a u l i c  f l u i d s ;  and t h e  a s s i s t a n c e  of Edward S .  Elake 
and Ralph E .  DeBrunner who fu rn i shed  the  experimental  hydrau l i c  f l u i d s .  
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1. INTRODUCTION 

Coal p a r t i c l e s  burning i n  oxygen-vi t ia ted and enriched atmospheres, 
a t  about 1000°C, have been shown by Previous work ( 1 , 2 , 3 )  t o  burn i n  t h e  
expected two-stage process  of: v o l a t i l e s  combustion; fol lowed by burn-out 
of t h e  s o l i d  carbon r e s i d u e  remaining. The same work a l s o  showed t h a t  the  

by which t h e  burn-out t ime (t ) was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  square of t h e  

p r e d i c t i o n  of t h e  res idue  beaavior  and experiment was genera l ly  found t o  be 
adequate t o  good (1 , 2) t h e r e  were s e v e r a l  quest ionable  p o i n t s  i n  t h e  theoretical!  
assumptions made i n  t h e  modified (5,6) Nussel t  theory used. These assumptions A 
cen tered  p r i n c i p a l l y  on the suggested behavicr  of t h e  p a r t i c l e s  on swel l ing ,  
and t h e  u l t i m a t e  e f f e c t  t h i s  could have on t t e  combustion behavior ,  p a r t i c u l a r l y '  
i f  t h e  p a r t i c l e s  formed hollow cenospheres (5,8). Severa l  ques t ions  were 
s e t  up by t h i s ,  a s  fol lows:  (1) How much d i d  t h e  p a r t i c l e s  swell? (2) Was 
t h i s  swel l ing  reasonably i s o t r o p i c ?  (3) Hob d i d  swel l ing  change with coa l  ' 
rank? (4) D i d  t h e  p a r t i c l e s  form cenospheres? (5) D i d  cenosphere formation, 
i f  any, a f f e c t  t h e  mechanism of burn-out, anc i f  so how would this a f f e c t  
t h e  t h e o r e t i c a l  ana lys i s?  (6) What in f luence  d i d  p a r t i c l e s  shape have 
on t h e  f i n a l  shape af ter  swel l ing ,  and t h e r e f o r e  on t h e  combustion behavior? 

1 

s o l i d  res idues  burned according t o  t h e  Nusse l t -pred ic ted  (4) "square-law" , I' 

B 
/I 

1 

i n i t i a l  p a r t i c l e  diameter  (d f . However , al though t h e  agreement between 

A 

,1 To answer t h e s e  ques t ions  as f a r  a s  p o s s i b l e ,  a number o f  p a r t i c l e s  
from each of t h e  1 0  c o a l s  used i n  t h e  previous i n v e s t i g a t i o n s  (1 ,2 ,3)  were 
photographed during combustion, and it was found t h a t  reasonably s a t i s f a c t o r y  1 
answers t o  a l l  s ix q u e s t i o n s  were obtained w i t h ,  i n  a d d i t i o n ,  f u r t h e r  informatio, 
on s w e l l i n g  p r o p e r t i e s  o f  coa l  p a r t i c l e s .  

The purpose of t h i s  paper  i s  now t o  d e s c r i b e  t h e  photographic experiments ti 
1 c a r r i e d  o u t ,  t h e  r e s u l t s  obtained,  and t h e  answers t h a t  were provided,  by 

t h e s e ,  t o  t h e  ques t ions  given above. 

2 .  EXPERIMENTAL / 

Whilst t h e  c o a l  p a r t i c l e s  were burning, i n  t h e  combustion u n i t  descr ibed 

p i n  t h e  previous papers  (1,2,6), they  were photographed us ing  a continuously 
running camera adapted t o  take  i n t e r m i t t e n t  exposures. 

2 .1  
same as t h a t  descr ibed i n  t h e  first two p u b l i c a t i o n s  o f  t h i s  work (1,2). 
The p a r t i c l e s ,  i n  t h e  s i z e  range 0.5 t o  2 m.m., were cemented t o  f i n e  s i l i c a  

,, 
Combustion Uni t  - The method of burning t h e  p a r t i c l e s  was exac t ly  t h e  ' 

A 



t h i n i d s  w i t h  a high temperature cemeil 
between two hea t ing  c o i l s  made of e l e c t r i c a l  r e s i s t a n c e  wire  wound i n  f l a t  
s p i r a l s .  These c o i l s  were about 1.5 m.m. a c ros s ,  and mounted wi th  t h e i r  planes 
I ior izontal  about 1.5 m.m. apa r t .  The c o i l s  were hea ted  e l e c t r i c a l l y ,  t o  about 

and then  suspended, c a n t i l e v e r  fashion , 

1000°C. 

2.2 Py ro lys i s  U n i t  - For  a few experiments, c a r r i e d  out  on one coa l  a lone,  
tile combustion u n i t  descr ibed  above was enclosed i n  a b r a s s  box, with observa- 
t i o n  windows, t h a t  could be f lu shed  out  wi th  C02. This  made it poss ib l e  t o  
observe the  behavior, and measure the  swe l l ing  of p a r t i c l e s  j u s t  pyrolysing 
without  burning. . 
2 . 3  Opt ica l  Unit - To i l l umina te  t h e  p a r t i c l e s ,  a 36-watt c a r  headlamp bulb 
was placed  a t  the  f o c a l  p o i n t  of a IO-cm. f.1. l e n s  t o  produce a p a r a l l e l  
beam of  l i g h t .  The p a r t i c l e  combustion, o r  p y r o l y s i s , u n i t ,  w a s  p laced i n  
t h i s  p a r a l l e l  beam, about 20-cm. from t h e  f i rs t  l e n s ,  and about t h e  same 
d i s t ance  i r o m  a s i m i l a r  l e n s  which then  c rea t ed  a r e a l  image of t h e  burning 
p a r t i c l e  a t  about a one-to-one magnif icat ion.  This  image, t h e r e f o r e ,  could 
e x i s t  a l s o  a s  a r e a l  o b j e c t ,  we l l  c l e a r  of any hea t  source ,  that  could be 
magnified t o  any requi red  degree by a s u i t a b l e  shor t - focus  ob jec t ive  c lose  
t o  t h i s  r e a l  object .  The second image from t h i s  could then be p ro jec t ed  
onto a s c reen ,  o r  i n t o  a s u i t a b l e  camera. 

2.4 Camera - The one used was a C o s s o r  35 m.m. Osci l loscope camera, with an 
adapta t ion  t o  provide inue rmi t t en t  exposures on cont inuously moving f i l m .  A 
glass screen was l i g h t l y  ground with abras ive  and p laced  a t  the end of the  
camera tube,  i n  t h e  same r e l a t i v e  pos i t i on  as t h a t  normally occupied by the  
Osci l loscope screen.  The p a r t i c l e  image provided by t h e  o p t i c a l  u n i t  was 
p ro jec t ed  onto t h i s  s c reen ,  a t  a n e t  magnif icat ion of about 5,  and L-his image 
was then photographed (from t h e  r eve r se  s ide)  by t h e  Osci l loscope camera. 
This  f i n a l  s tage  diminished t h e  image, bu t  t h e  o v e r a l l  magnif icat ion was s t i l l  
about 2 .  By t r i a l  and e r r o r  it was found t h a t  t h e  g l a s s  sc reen  could not  be 
too  l i g h t l y ,  o r  t o o  heavi ly  ground: i n  t h e  f i i - s t  i n s t a n c e  t h e  con t r a s t  
between image and surroundings was t o o  f a i n t ;  and i n  t h e  second, t oo  l i t t l e  
l i g h t  was I-eaching t h e  f i l m .  

2.5 Exposure Unit - Since the  35 m.m. recording s t r i p  was moving cont inuously,  
it would have b lur red  any time exposure t h a t  was o f  adequate dura t ion  t o  
a f f e c t  t he  emulsion used,  even a t  t h e  low speed of t r a v e r s e  involved.  (?he 
evuls ion  was on opaque record ing  paper ,  n o t  on t r anspa ren t  f i l m  s t r i p . )  A 
r o t a t i n g  glass p l a t e  was t h e r e f o r e  p laced  i n  the  p a r a l l e d  l i g h t  beam, between 
the  p a r t i c l e  and the  second l ens .  A s  t h e  p l a t e  r o t a t e d ,  it moved the  image 
formed a t  t h e  camera and, by a d j u s t i n g  t h e  r a t e  of r o t a t i o n ,  t h e  speed of 
motion o i  t h e  image and record ing  paper  could be matched (on t h e  same p r i n c i p l e  
a s  that  used by the  Eastax camera). This  produced a c l e a r  image and, by 
incn rpora i ing  a simple s h u t t e r ,  a s e r i e s  of s i n g l e  exposures could be taken. 
F i n a l l y ,  t h e  r o t a t i o n  was synchronized with t h e  camera by us ing  gears  and 
sp ind le s  o f  Meccano (a type  of E r rec to r  s e t )  t o  take  a d r ive  o f f  t h e  camera 
motor. Timing of t h e  frames was then obtained by t iming  a given number of 
revolu t ions  o€ t he  r o t a t i n g  p l a t e .  

2 .6  
i s  given i n  d c t a i l  i n  t h e  previous papers  (1,2,6). They were crushed and 
ground by harid i n  a p e s t l e  and mor ta r ,  and then  s ieved  mechanically using t h e  
complete sequelice of B r i t i s h  Standard s i eves  from 3/16'' t o  52 mesh (4760 t o  
295 m i  ct-oris) . 
wct-e almut 2 m.m. 

C o a l  P r e p a a t i o n  and Data - Information on gr inding  and s i e v i n g  the  c o a l s  

In these  photographic s t u d i e s ,  t h e  p a r t i c l e  s i z e s  mostly used 



Table  1 
Coal  Analyses  and Data 

(lA) Ul t ima te  Ana lys i s  (d .m.f  .] 
C H 0 N S  V ------ Coal 

(1) S t a n l l y d  
(Blaunhirwaun) 93 .00  3.35 1.59 1 .33  0.73 9.9 

(2) F ive  f t .  
(Deep Duffryn) 

(3) Two f t .  Nine 
-unknown- 

(4) Red Vein 
(Ci le ly)  

(5) Garw 
(Cwm T i l l e r y )  

(6) S i l k s t o n e  
(Elsecar )  

(7) Winter  
(Grime t h r  ope) 

(8) Cowpen 
(Northumberland) 

(9) High Hazel 
(Thorne) 

(10) Lor ra ine  
(Faulquemont) 

91.80 

91.20 

89 .70  

8 8 . 9 0  

86.90 

84.. 00 

82.70 

81.90 

79.25 

4.08 

4.35 

4.66 

4; 9 9  

5.79 

5.47 

5 . 4 0  

5 .57  

5.13 

2.32 

2.54 

3.55 

4.50 

5.50 

8.29 

9.60 

10.52 

14.16 

1.42 

1;65 

1.67 

1.33 

1.51. 

1.851 

1.8(1 

1 511 

0.9!1 

0.38 1 4 . 9  

0.26 28.8 

0.42 23.3 

0.28 30.6 

0.30 41.5 

0.39 39.3 

0.50 40.2 

0.43 40.7 

0.51 40.2 

(1B) Proximate  Ana lys i s  and Other Data 
B. S.  

Coal 
(1) S t a n l l y d  
(23’ Five f t .  
(3) Two f t .  Nine 
(4) Red Vein 
(5) Garw 
(6) S i l k s t o n e  
(7) Winter 
(8) Cowpen 
(9) High Haze l  

(10) Lor ra ine  

V& H&l Ash co 
7.9 1.3 2.9 &3 

1 2 . 6  0.9 3.9 0.26 
28.9 0.8 22.2 13.3 
20.5 1.0 1 . 6  0.04 
27.7 1.0 3.7 0.05 
39.6 1.3 1 .7  0.35 
3 6 . 0  2.6 1.7 0.77 
34.6 7.3 4.1 0.95 
36.7 5 . 1  1.0 0.0 
3 5 . 0  5.0 5.9 0.52 

s w .  No 
d c c .  

n.c.  1 .38  
1 1.40 
1 1 . 3 6  
61’2 1 . 3 4  
4 1.31 
4x2 1.28 
3 1 . 2 5  
1 1.27 
1 1.27 

11.c. 1.36 

&g c,, (_C,,/Cf) 

90 .1  2.9 0.03 

85.1 6.7 0.08 

71.2 20 .0  0.28 

76.7 1 3 . 0  0.17 

69.4 19 .5  0.28 

58.5 18.4 0.49 

60.7 23.3 0.38 

59.8 22.9 0.38 

59.3 22.6 0.38 

59.8 1 9 . 5  0.32 

M m ___.-  
0 . 8 7 1  3.06 
0.993 3.20 
1.150 3.15 
1 . 7 9 4  3 .01  
0.934 3.04 
0.690 3 .00  
0.848 3.06 
1.000 3.17 
0.941 3.04 
0.919 3 . 0 1  
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f u l l  
r e l a t i  on 

Tlic C O , ~  niialyses a r e  given i n  Table 1, which a l s o  
.ci.ticle size range, t h e  s i z e  coe f f i c i en t s  (M and m) i n  
ctweeii wcight (wo) and i n i t i a l  diameter (do) : 

m 
w = M.dO 
0 

gives  f o r  the 
t h e  empir ica l  

(1) 

method h e r e  El and ni a r e  empir ical  cons tan ts  determined experimental ly .  The 
01- determining M and m has  a l ready  been descr ibed (2) b u t ,  b r i e f l y ,  required 

-he weighing of groups of p a r t i c l e s  from a number of s i e v e  c u t s  t o  determine 
T~ (the mean weight pe r  p a r t i c l e )  a t  a given mean s i e v e  ape r tu re  a s  diameter ,  
I,. The b e s t  values  of M and m were then  determined by t h e  method of l e a s t  
squares. 

3. THEORY 

The "square-law" r e l a t i o n  r e f e r r e d  t o  i n  t h e  In t roduc t ion  w a s  f irst  
levived by Nussel t  (4) f o r  hea t  and mass t r a n s f e r  t o  and from a sphere. This 
theory ~ and necessary modif icat ions f o r  app l i ca t ion  t o  swel l ing  coa l  p a r t i c l e s ,  
ias  been adequately covered i n  the  previous papers  and pub l i ca t ions  (1-3,5,6) ; 
the purpose of t h i s  s ec t ion  i s  t o  i n d i c a t e  how t h e  theory  may be modified 
€u r the r  i f  needle- l ike  coa l  p a r t i c l e s  a r e  t r e a t e d  a s  cy l inde r s  i n s t ead  of 
;pIieres. \ 

For both systems t h e  approximation of s i n g l e  d i f f u s i o n  of oxygen 
through s t a t i o n a r y  n i t r o % n  i s  used. The Stephan flow (9) i s  a l s o  neglected 
s ince t h e  previous s t u d i s  (1,2) showed t h i s  t o  be a v a l i d  approximation 
For oxygen i n  a i r  and v i t i a t e d  a i r  atmospheres (though n o t  f o r  enr iched 
itmospheres ( 3 ) ) .  

The s t a r t i n g  po in t  f o r  both t h e o r i e s  (sphere and cy l inder )  i s  F i c k ' s  
Law f o r  d i f fus ion:  

1 

g = -D(dN/dr) 
1 

ihere  i s  the  number of  molecules d i f f u s i n g  across  u n i t  a r e a  i n  u n i t  time; 
D i s  the  d i f fus ion  c o e f f i c i e n t ;  and dN/dr is 
gradien t  a t  any d i s t ance  r from t h e  center  of 

The next  s t e p  i s  t o  wr i t e  t h e  cont inui ty  
d i f f e r e n t  f o r  each system. For  t h e  sphere we 

ulliilst f o r  the  cy l inder  
1 I 

a.gs = r.g 

t h e  oxygen concent ra t ion  
t h e  sphere. 

equat ion which i s  s l i g h t l y  
have : 

This makes the  d i f f e rence  i n  t h e  so lu t ions  f o r  6 
g and i n t e g r a t i n g ,  we have: 

s i n c e ,  on s u b s t i t u t i o n  f o r  
s 

sphere : 

cy1 .in de I -  : 

1 

-gs = D(No - Ns) / a 
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where t h e  s u b s c r i p t s  t o  N a r e  f o r  t h e  main stream values  and t h e  s o l i d  sur face  
va lues  respec t ive ly ;  a is t h e  p a r t i c l e  r a d i u s ;  and r i n  eqn. (4b) i s  t h e  
d i s t a n c e  at, which t h e  main stream'.value of-N is r e a c h d .  - I n  eqn. (4a) t h i s  
is  taken as i n f i n i t y ,  and t h e  te rn i - in  r vanishes .  In  eqn.. (4b) t h e  equation 
becomes meaningless, i f  r i s  taken as  Ynfinity.  
consider  t h e  equat ion f o r o t h e  mass t r a n s f e r  c o e f f i c i e n t  k. 

A l l  we can do then i s  t o  
This  is: 

1 

gs = -km0 - Ns) (5) 

But t h e  mass t r a n s f e r  c o e f f i c i e n t  i s  r e l a t e d  t o  t h e  Nussel t  number f o r  mass 
t r a n s f e r  by the  d e f i n i t i v e  group; 

Nu = k(2a) /D (6 )  

For t h e  sphere,  i t  can be shown from eqn. (4a) t h a t  i n  quiescent  condi t ions ,  
Nu t a k e s  t h e  value 2. Experimentally,  it has a l s o  been shown by d a t a  (10) 
quoted by Gruber and Erk (11) t h a t  Nu a l s o  tends t o  a cons tan t  va lue ,  of 
0.43, f o r  t h e  c y l i n d e r  i n  quiescent  ambient condi t ions.  If we assume t h a t  th3 
holds  general ly ,  w e  than  g e t  t h e  a l t e r n a t i v e  equat ion f o r  t h e  cy l inder :  

1 

- gS = 0.215D(td 0 - Ns) / a (4cl 

which, c l e a r l y ,  d i f f e r e  from eqn. (4a) only by t h e  f a c t o r  0.215. From e i t h e r  
equat ion ,  we have t h a t  t h e  s p e c i f i c  r e a c t i o n  r a t e  i s  inverse ly  propor t iona l  
t o  t h e  rad ius .  I n t e g r a t i n g ,  as i n  t h e  previous analyses  f o r  t h e  sphere,  w e  
get f o r  t h e  v a r i a t i o n  of diameter with time: 

where K is  t h e  burning c o n s t a n t ,  given by (2,.5) 

(8 a) f o r  t h e  sphere Ks = e/ 3 fi Dopo(IC/TJ 0.75 

(8b) K = K / 0.215 = 4.65Ks and f o r  t h e  cy l inder  

s o  a cy l inder  of r a d i u s  a should s t i l l  burn according t o  a square l a w ,  b u t  
t ake  u p t 4  o r  5 t i m e l o n g e r  t o  burn out  than  a sphere. 

L S 

3. RESULTS 

3.1 
p a r t i c l e s  were burned (compared wi th  over a 1000 i n  t h e  previous to ta l -burn in  
t ime s t u d i e s ) .  The p a r t i c l e s  were mostly cubic  i n  nominal appearance, t h i s  
be ing  t h e  same p r i n c i p a l  b a s i s  of s e l e c t i o n  as i n  t h e  previous s t u d i e s ,  bu t  
a few were needle shaped p a r t i c l e s  s e l e c t e d  t o  study t h e  i n f l u e n c e  of shape. 

General Behavior - I n  t h e s e  photographic s t u d i e s ,  between 30 and 40 

The burning p a r t i c l e s  a l l  exhib i ted  t h e  c h a r a c t e r i s t i c  behavior of 
v o l a t i l e s  generat ion and combustion,with swel l ing  during t h e  v o l a t i l e s  combus 
phase; 
t h e  photographic r e c o r d s  and p l o t t i n g  t h e  square of t h e  diameter aga ins t  
frame number (as Time), t o  test eqn. (7), 
of p l o t s  obtained . 
t h e  Cowpen coal.  
by t h e  sudden rise and f a l l  of t h e  curve a t  t h e  s t a r t  of combustion. 
i n  a i r  i s  t h e r e f o r e  a two-stage process ;  
followed by a c o n t r a c t i o n .  

t h i s  was fol lowed by res idue  burn-out. Diameters were measured from 

t h e  Figures  1 and 2 show t h e  type 
F igure  1 i s  f o r  t h e  S t a n l l y d  a n t h r a c i t e ,  and Figure 2 f c  

I n  t h e  l a t t e r ,  t h e  e f f e c t  of swel l ing  is  c l e a r l y  i l l u s t r a t c  
SwelliI 

f i r s t  t h e r e  i s  a l a r g e  expansion, 
I n  C02 t h e r e  w a s  only expansion, no contract ion.  



177 

tlic end of tlic cont rac t ion ,  t h e  l i n e  i s  seen t o  f l a t t e n  out :  t h i s  i s  t h e  
idue  combustion. The curve of Fig.  2 i s  t y p i c a l  of a l l  t h e  bituminous 
Is .  wliatcver t h e i r  swel l ing number. 

Swell ing and Swelling Factor  - f - The i d e n t i f i c a t i o n  of t h e  peak i n  Fig.  2 
11 t h e  per iod  of v o l a t i l e s  generat ion was more or l e s s  s e l f - e v i d e n t ,  but  
t h e r  ~ p o s i t i v e  i d e n t i f i c a t i o n  w a s  provided by simultaneously record ing  t h e  
l i t  output  from the  p a r t i c l e  with a photocel l .  This technique had ,been 
d i n  t h e  previous s t u d i e s  (1,2) t o  determine t h e  t o t a l  burning t ime,  

l i t  had been found during those t h a t  t h e  per iod  of v o l a t i l e s  evolu t ion  
1 combustion c o r r e l a t e d  with a c h a r a c t e r i s t i c  t r a c e  i n  t h e  record  of t h e  
t o c e l l  output.  This t r a c e  was a random high frequency o s c i l l a t i o n  due t o  

f l i c k e r i n g  flame from t h e  v o l a t i l e s  combustion. I d e n t i f i c a t i o n  of t h i s  
i r a c t e r i s t i c  t r a c e ,  and comparison with t h e  photographs,showed t h a t  t h e  
T i c l e s  s t a r t e d  t o  swell a l i t t l e  i n  advance of t h e  s ta r t  o f  t h e  v o l a t i l e s  
ibustion; 
1 cont rac t ion  per iod;  and t h e  s t a r t  of t h e  res idue  combustion c o r r e l a t e d  
-1 with t h e  s t a r t  of t h e  f i n a l  l i n e a r  p o r t i o n  of t h e  p l o t  o f  Fig.  2 .  

t h e  v o l a t i l e s  continued t o  burn r i g h t  through t h e  main expansion 

With t h i s  p o s i t i v e  i d e n t i f i c a t i o n ,  measurements were t h e n  made of some 
*egmlar shaped p a r t i c l e s  t o  check t h e  degree of i so t ropism i n  t h e  swelling. 
? p a r t i c l e s  s e l e c t e d  f o r  t h i s  were q u i t e  long ,  rec tangular  or needle-shaped 
-titles: t h e  s e l e c t i o n  being based on t h e  assumption t h a t  i f  they broke 
1 - i s o t r o p i c a l l y ,  they would be t h e  most l i k e l y  t o  s w e l l  non- i so t ropica l ly .  

sely t h e  same propor t ion ,  a s  with s u b s t a n t i a l l y  a l l  t h e  o t h e r  p a r t i c l e s  
idied.  

th2 event ,  they swel led q u i t e  uniformly, a l l  dimensions changing i n  approxi- 

Swelling dctcrminat ions were then  carried out  on s e l e c t e d  p a r t i c l e s  of 
L t h e  c o a l s  t o  determine t h e i r  average swel l ing  f a c t o r s .  The s w e l l i n g  
: tor ,  f ,  w a s  def ined a s  t h e  r a t i o  (ds/dJ , d 
xmeter, and d 
3 values  of tais r a t i o ,  f ,  a r e  summarized i n  Table 2 f o r  t h e  t e n  c o a l s .  
1 be seen,  t h e  s c a t t e r  i s  q u i t e  wide f o r  any given c o a l ,  b u t  t h e  average 

<. swel l ing  numbers. This r e s u l t  was q u i t e  unexpected, and it r a i s e s  i n  
? s t i o n  t h e  meaning of such q u a n t i t i e s  a s  B.S. swel l ing  number. The d i f fe rence  
tween swel l ing  f a c t o r  and number i s  obviously dependent on t h e  d i f f e r e n t  
Jer imental  condi t ions i n  t h e  methods of measurement. I n  c o n t r a s t  t o  t h e  
21l ing- fac tor  measurements on s i n g l e ,  uncons t r ic ted  p a r t i c l e s ,  a s  descr ibed 
w e ,  Swelling Number t e s t s  a r e  made on groups of p a r t i c l e s  under some degree 
c o n s t r i c t i o n ,  and a r e ,  t h e r e f o r e ,  p a r t l y  a b l e ,  and p a r t l y  forced  t o  swel l  

t o  each o ther .  I n i t i a l l y ,  a t  low v o l a t i l e  content  i n  t h e  bituminous range,  
e re  i s  l i t t l e  loss,  and t h e r e f o r e  l i t t l e  increase  i n  p o r o s i t y .  However, 
t h e  v o l a t i l e  content  (and l o s s )  i n c r e a s e s ,  t h e r e  is  more and more space 
ad jo in ing  p a r t i c l e s  f o r  o t h e r s  t o  swel l  i n t o ,  thus  producing t h e  charac te r -  

being t h e  i n i t i a l ,  co ld  
being t h e  diameter a t  t h e  s t a g t  of t h e  r e s i d u e  combustion. 

As 

very c l o s e  t o  1.5 f o r  a l l  t h e  bituminous c o a l s  used,  i r r e s p e c t i v e  of the  

t i c  inver ted  'U' curve of t n e  swel l ing  or caking index a g a i n s t  c o a l  rank. 

3 Residue Burn-Out - Study of t h e  res idue  burn-out was t h e  most c r u c i a l  
m t  examined. 
ameter a s  the p a r t i c l e  burned out .  S i n n a t t  and o t h e r s  (7,8) had shown 
ny years  ago t h a t  c o a l  p a r t i c l e s  carbonizing i n  n e u t r a l  or reducing atmospheres 
Ll form hollow s h e l l s ,  genera l ly  known as cenospheres,  t h e  optimum tempera- 
r n  of formation being between 600 and 70OoC. If such a change occurred t o  
c s i n g l e  p a r t i c l e s  before t h e  res idue  combustion, then t h e  theory of t h e  
s s e l t  a n a l y s i s ,  or any o t h e r  s i m i l a r  a n a l y s i s ,  would be q u i t e  inappl ica lbe  

The p a r t i c u l a r  p o i n t  of i n t e r e s t  here  was i n  t h e  change of 



s ince  these  depend on t h e  assumption of r eac t ion  a t  t h e  exposed nominal 
o r  s u p e r f i c i a l  su r f ace ,  a lone ;  a l s o  t h e  i n t e g r a l  of the  burning rate depends 
on t h e  f u r t h e r  assumption of uniform p a r t i c l e  dens i ty ,  r i g h t  down t o  zero 
r ad ius .  

This  was i n  essence t h e  b a s i s  of Ornings c r i t i c i s m  (12) of one of t he  
previous papers  ( 2 ) .  
f i n i t e  rad ius  a s  t h e  lower l i m i t ,  and no t  t o  zero r ad ius .  However, t h e  
experimental  r e s u l t s  do not  suppor t  t h e  expec ta t ions  based on t h e  cenosphere 
formation,  bu t  they do suppor t  t h e  r e s u l t s  based on the  o r i g i n a l  assumption 
of uniform dens i ty  r i g h t  down t o  zero r ad ius .  
Fig.  2 show qu i t e  c l e a r l y  t h a t  t h e  r!esults obey eqn. . ( lo ) .  This means t h a t  
t h e  r a t e  of burning ( W d t )  i s  p ropor t iona l  t o  t h e  rad ius  o r  diameter ,  down 
t o  q u i t e  small  r a d i i .  Few p a r t i c l e s  could be followed r i g h t  down t o  zero 
r ad ius  because of t h e  d i f f i c u l t y  of measuring l ~ s s  than one mi l l imet re  on the  
record ing  s t r i p s ,  bu t  most could be followed t o  between 70 and 90% l o s s  of 
mass, s o  t h e  agreement found over t h e  measured I-ange j u s t i f i e d  ex t rapola t ion  
t o  burn-out.  

E x p l i c i t l y  he mentioned t h e  need t o  i n t e g r a t e  t o  Some 

The curves of t h e  type  of 

The s lope  of t h e  burn-out s e c t i o n  of t h e  curves i s  given by eqn. (7) as 
1 / K .  As a check'on t h e  magnitudes t o  be expected,  these  were ca l cu la t ed  f o r  
many of t h e  p a r t i c l e s ,  and t h e  va lues  found ranged from 1000 t o  2000 sq.cm./sei 
i n  good genera l  agreement wi th  t h e  va lues  previously repor ted  (2). 
f u r t h e r  subs t an t i a t ion  of t h e  conclusion t h a t  t he  p a r t i c l e s  a r e  of  uniform 
dens i ty  r i g h t  t o  t h e  cen te r .  Because of t h e  Val-iation i n  the behavior of 
s i n g l e  p a r t i c l e s ,  t h e  s c a t t e r  was about t h e  samc: as t h a t  found f o r  t h e  t o t a l  ' 

burning-time measurements made previous ly ,  bu t  because of t h e  much smaller  numl 
of measurements made, t hese  a d d i t i o n a l  va lues  have l e s s  meaning and prec is ion  
compared with the  prev ious ly  determined values .  

This  i s  

4. DISCUSSION 

4.1 General - With t h e  d a t a  a v a i l a b l e ,  t h e r e  i:; l i t t l e  more t h a t  can usefu l ly  
be added t o  comments a l r eady  made on t h e  f o r e g o n g  r e s u l t s .  To our mind these  
e s t a b l i s h  t h a t  t h e  p a r t i c l e s  u sua l ly  swel l  i s o t - o p i c a l l y ,  with a swel l ing  
f a c t o r  t h a t  is remarkably cons t an t  over a wide I-ange of coa l  rank (10 t o  40% V 
This  a lone is thought t o  be a p o i n t  of cons iderable  i n t e r e s t  and importance. 
There was g rea t e r  s c a t t e r  i n  t h e  swel l ing  f a c t o r ,  f ,  between p a r t i c l e s  of 
t h e  same coa l  than t h e r e  was between t h e  average va lues  f o r  d i f f e r e n t  coals .  
This  suggests  t h a t  u s e f u l  a t t e n t i o n  could we l l  lie d i r ec t ed  towards pure 
maceral behavior a s  t h i s  might conceivably be respons ib le  f o r  t he  v a r i a t i o n s  
found. 
though it i s  always p o s s i b l e  t h a t  t h e  peak swel l ing  was a condi t ion of t rue  
cenosphere formation,  wi th  d e s t r u c t i o n  of t h e  cenospheres as t h e  temperature 
rose  above t h e  optimum f o r  t h e i r  formation. 
always r ea l i zed  t h a t  t r u e  cenosphere formation does not  genera l ly  take place 
i n  oxid iz ing  atmospheres above 1000°C. 
worth f u r t h e r  i nves t iga t ion .  
in f luence  of shape f a c t o r .  

4.2 
f i r s t  necessary t o  determine what shapes t h e  p a r t i c l e s  have. 
information on mass and d iameter  given i n  Table 2 ,  considerable  information 
can be obtained as t o  t h e  most probable shapes of the  p a r t i c l e s .  
masddiameter  da t a  i s  c o r r e l a t e d  by eqn. (1). 
coal  d e n s i t i e s ,  (Table 1), t h e  d a t a  a r e  converted t o  a volume/diameter co r re l a  
Let us  now consider a number of r egu la r  shapes a s  follows: 

The p a r t i c l e s  ev iden t ly  do no t  form cenospheres under these  condi t ions 

I n  this connection, i t  is not  

This  aga in  i s  thought t o  be a po in t  
The only p o i n t  no t  y e t  considered is t h e  

Determination of Shape - To d iscuss  t h e  inf luence  of shape,  it is 
With t h e  

The 
If we d iv ide  through by the 

(1) cube of s i d e  
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(2) splicli,c o€ d iane te r  do; (3) c&$nder of diameter do and l eng th  do ; 
(4) r e c t d i g i l d r  block of length  do . (i) wi th  square cross sec t ion  of 
s i d e  d,: ( i i )  with rec tangular  c ros s  sec t ion  o f  s i d e s  do and d z y ;  (5) 
spl~el’oids. i n  both forms: (i) ob la t e  and ( i i )  p r o l a t e ,  wi th  minor axes of 
Length do <uid major of l eng th  dleX.  
t o  tlie dinlensions with a mul t ip ly ing  f a c t o r ,  F ,  a s  i n  t h e  Table following: 

These a l l  have volumes t h a t  can be r e l a t e d  

3. (A) 

3. 

1. 
2.  
3. 
4. 
5. 
6 .  
7. 
8.  
9. 
10. 

Table 3 

P a r t i c l e  Shape F a c t o r , . F  

Regular Shapes 

Volume 

1. Cube 
2. Sphere 
3. Cylinder 
4. Rectangular block 

(i) r egu la r  
( i i )  i r r e g u l a r  

5. Spheroid 
(i) ob la t e  
( i i )  p r o l a t e  

(B) 

S t a n l l y d  
Five E t .  
Two f t .  Nine 
Red Vein 
Garw 
S i lks tone  , 

Winter 
Cowpen 
High Hazel 
Lorraine. 

Coal Data 
(x + Y) 
0.06 
0.20 
0.15 
0.01 
0.04 
0.00 
0.06 
0.17 
0.04 
0.01 

F 

0.63 
0.708 
0.845 
0.592 
0.713 
0.54 
0 .674  
0.787 
0.735 
0.675 

d3+X 
d3+xt y 

K (calc] 

2680 
1 7 2 5  
1365 
1500 
1335 
1 0 8 0  
1 0 9 5  
1055 
1075 
1165 

Factor  (F) 

1 
0.524 
0.7855 

1 
1 

0.524  
0.524 

K(expt) K(calc)/K(expt) 

2125 1.26 
1 2 9 0  1.34 
1470 0.93 
1 4 7 5  1.02 
1 6 1 0  0.95 
1110 0.97 
1 1 2 5  0.97 
1 0 6 0  1.00 
1450 0.74 

992 1.07 

From this it can be seen t h a t  t he  cube and rec tangular  blocks have F f a c t o r s  
of u n i t y ;  t he  sphere and sphero ids ,  values  of 0.524; and t h e  cy l inder  i s  
in te rmedia te ,  a t  0.7855. For the  da t a  quoted, t h e  p a r t i c l e s  chosen were those  
t h a t ,  by eye ,  looked c l o s e s t  t o  cubes, s o  we expected t o  f i n d  F f a c t o r s  c lose  
t o  uni ty .  I n  f a c t ,  a s  Table 3 shows, the  va lues  ind ica t ed  t h a t  t he  shapes 
approximated more c lose ly  t o  something between t h e  spheroid and the  cy l inder  
than t o  a cube o r  rec tangular  block. Table 3 a l s o  g ives  t h e  experimental 
and ca l cu la t ed  values  of K obtained previously (2) ; t h e r e  seems t o  be no 
c o r r e l a t i o n  between t h e  (x+y) exponent d i f f e rence ,  o r  t h e  F f a c t o r s .  We 
thcrcfoi-c conclude t h a t  t r e a t i n g  t h e  p a r t i c l e s  as spheres  was an adequate 
cippi-oximntion t o  r e a l i t y ,  t he  more s o  a s  t he  p a r t i c l e s  d e f i n i t e l y  derived a 
more r o u n d c d  shape as they swel led,  i n  s p i t e  of t he  genera l  r e t e n t i o n  o f  
t hc i  1- or ~ g ~ n a . 1  shape. The f i n a l  d i f f e rence  between t h e  c a l c u l a t e d  and 
c . u l ) c ~ r i m c n t d  va lues  of K i s  most probably due t o  random s c a t t e r .  Any 
( - 1  I J ~ C I -  pi’nct ical  i d e n t i f i c a t i o n  w i t h  shape w i l l  r equ i r e  more p r e c i s e  experiments 
tliLtri those repoi-tcd here. 



4 .3  Inf luence  of Shape - Although determinat ion of shape d i d  not  provide 
any f u r t h e r  p r a c t i c a l  i n t e r p r e t a t i o n  of t h e  a v a i l a b l e  d a t a ,  t h e  f a c t o r  of 
shape can, neve r the l e s s ,  be use fu l ly  considered and discussed i n  general .  
Shape may b e . p a r t l y  a func t ion  of t h e  inhe ren t  phys ica l  p rope r t i e s  of a given 
coa l  t h a t  con t ro l  t he  shape on breakage, bu t  Perry (13) has shown t h a t  i t  i s  
a l s o  dependent on t h e  type of gr inder  used. Perry r epor t ed  t h a t  a d i s c  m i l l  
produced lamel la r  shapes w h i l s t  those from a hammer mill were polyhedral ,  
tending t o  cubical .  With decreas ing  p a r t i c l e  s i z e ,  t he  l ame l l a r  shapes tended 
t o  vanish,  and even t h e  d i s c  m i l l  produced s u b s t a n t i a l l y  polyhedral  shapes 
a t  very small s i z e s .  I n  our experiments,  t h e  p a r t i c l e s  were crushed by 
hand, i n  a p e s t l e  and mortar  and, a s  descr ibed above, t h e i r  shapes seemed 
t o  approximate m o s t  c l o s e l y  t o  spheroids  and cy l inders .  

I n  inf luenc ing  combustion behavior ,  w e  might expect t h a t ,  broadly 
speaking,  t h e  smal le r  t h e  r ad ius  of curva ture  of any p a r t  of t h e  p a r t i c l e  
su r face ,  t h e  f a s t e r  t h a t  a r e a  would be l i k e l y  t o  r e a c t ,  s ince  t h e  boundary 
l a y e r  above t h a t  p a r t  should be a l i t t l e  th inner .  It i s  d i f f i c u l t  t o  say 
f o r  c e r t a i n ,  however, from a s tudy of t h e  photographs,  t h a t  t h i s  does or does 
not  occur;  i r r e g u l a r i t i e s  i n  t h e  shapes of t h e  p a r t i c l e s  a r e  maintained f o r  
qu i t e  an apprec iab le  l e n g t h  of  time - as long  as 1 0  o r  20 seconds - but  most 
of t h e  p a r t i c l e s  appeared t o  have been reduced t o  good zpproximations t o  
spheres  by the  time they  were h a l f  burned. The photographs i n  some ins tances  
were misleading as t h e  a sh  would occasional ly  remain a s  a f a i r l y  coherent ,  
though f r a g i l e ,  t r a c e r y ,  i n  t h e  cen te r  of which the  glowing, shr inking  sphere 
could be c l e a r l y  seen by eye ,  though t h e  photographs showed only t h e  barely 
changing ou t l ine  of t h e  ash .  This  w a s  genera l ly  t h e  case with t h e  high-ash 
Two Ft .  Nine coa l ,  bu t  occas iona l ly  happened d i t h  t h e  o thers .  

What we would sugges t ,  from both t h e  v i s u a l  and photographic s tud ie s  
of t h e  p a r t i c l e s ,  i s  t h a t  r e a c t i o n  i s  i n  f a c t  f a s t e s t  a t  exposed p ro jec t ions ,  
and sharp ly  curving su r faces .  T h i s  means t h a t  shapes l i k e  cubes,  p ro l a t e  
sphero ids ,  and polyhedra l  shapes i n  genera l  w i l l  be reduced approximately 
t o  spheres  by t h e  t i m e  they  a r e  h a l f  burned. 
r ec t angu la r  blocks of near  uniform c ross - sec t ion  would the re fo re  burn down 
f i r s t  t o  something approaching p r o l a t e  sphero ids ,  and thence again would 
reduce t o  spheres.  This  means t h a t  excess  ma te r i a l  might burn of f  f a i r l y  
r ap id ly ,  and the  o v e r a l l  behavior would then  approximate t o  spheres  of diamet 
equal  t o  t h e  cube s i d e ,  t h e  s h o r t e r  s i d e  of t h e  rec tangular  block,  o r  t he  
minor diameter o f  t h e  p r o l a t e  spheroids .  
most l i k e l y  t o  determine whether or no t  a given p a r t i c l e  would remain on, o r  
pass  through, a given s i e v e  mesh, it may we l l  s u b s t a n t i a t e  and j u s t i f y  the  
success fu l  use of t h e  s i e v e  mesh dimension i n  spec i fy ing  t h e  p a r t i c l e  diamete 
t o  be used i n  t h e  combustion ca l cu la t ions .  

Short  cy l inde r s  and s h o r t  

Since these  a r e  t h e  dimensions 

Other shapes such a s  need le s ,  long  cy l inde r s ,  long  r egu la r  b locks ,  or 
p r o l a t e  spheroids  wi th  a b i g  r a t i o  of major t o  minor a x i s  would be expected 
t o  burn a t  r a t e s  r a t h e r  c l o s e r  t o  those expected o f  r egu la r  cy l inders .  The 
square l a w  r e l a t i o n  of eqn. (7) should s t i l l  ob ta in ,  bu t  t h e  burning r a t e s  
and o v e r a l l  burning t i m e s  should be r a t h e r  longer .  
t e s t e d  q u a n t i t a t i v e l y  but  it could q u i t e  poss ib ly  account f o r  some of t he  
s c a t t e r  i n  burning t imes found a t  any p a r t i c u l a r  given diameter.  

F i n a l l y ,  t h e r e  a r e  shapes l i k e  ob la t e  sphero ids ,  f l a t  rec tangular  p l a t e ?  
and lamel lae .  
t h e o r e t i c a l l y  O r  experimental ly ,  bu t  our expec ta t ion  is  t h a t  they would very 
l i k e l y  burn i n  from t h e  edges r a t h e r  f a s t ,  g iv ing  burning t imes many times i I  
excess  of expec ta t ion  on t h e  b a s i s  of e i t h e r  t h e  t o t a l  mass involved,  o r  on 

This  expectat ion was nevc 

The behavior of t hese  has  y e t  t o  be inves t iga t ed  e i t h e r  



s i eve  dinmetep. It i s  a l s o  l i k e l y  t o  be sharp ly  .dependent on t h e  o r i e n t a t i o n  
o f  tlie p lane  or f l a t t e r  sur face  t o  t h e  ho r i zon ta l  o r  v e r t i c a l  a s  t h i s  could 
s t rong ly  inf luence  t h e  n a t u r a l  convection cu r ren t s . and  t h e r e f o r e  t h e  boundary 
l a? , e r  th ickness .  Th i s ,  however, is  an a r e a  of i n v e s t i g a t i o n  still  open t o  
s tudy.  

5 .  CONCLUSIONS 

The conclusions t h a t  may be drawn from t h i s  s tudy a r e  i n  answer t o  t h e  
ques t ions  s e t  out  i n  t h e  In t roduct ion .  

(1) P a r t i c l e s  s w e l l  o r  no t  according t o  coa l  rank. P a r t i c l e s  from a n t h r a c i t e s  
(under 5% V.M.) swel l  neg l ig ib ly  or n o t  a t  a l l .  
c o a l s ,  on t h e  o ther  hand, (g rea t e r  than  I.O%V.M.) swel l  i n  a i r  by a n e t  f a c t o r  
of about 1 .5 ,  t h i s  f a c t o r  being s u b s t a n t i a l l y  independent of coa l  rank. 

(2) The swel l ing process  i s  i n  two s t ages :  f irst  an expansion t o  2 o r  3 
t imes t h e  o r i g i n a l  diameter ,  followed by a cont rac t ion  down t o  t h e  f i n a l  
diameter of 1.5 times the  o r i g i n a l  diameter. 
a t  t h e  end of the  f i r s t  s t age ;  t h e r e  i s  no cont rac  i o n  which presumably, 
t h e r e f o r e ,  i s  condi t ioned by t h e  presence of oxygen. 

(3) In swel l ing ,  t h e  process  w a s  reasonably i s o t r o p i c ,  and apparent ly  uniform 
throughout ,  with no cenosphere formation. 

(4) I n  burn-out, t h e  p a r t i c l e s  ev ident ly  burned uniformly a t  t h e  exposed 
su r face  only. There w a s  no evidence o f  i n t e r n a l  burning (as i s  only t o  be 
expected wi th  b'oundary-layer d i f f u s i o n  con t ro l  of t he  r e a c t i o n ) .  
diameters  t i lerefore  dimished wi th  time q u i t e  r egu la r ly  according t o  t h e  
equat ion  : 

P a r t i c l e s  from bituminous 

In  Cog, t h e  swel l ing  f i n i s h e s  

The 

d2 = d2 - t / K  

w i t h  va lues  of the  burning cons tan t  K i n  agreement with those  obtained 
previous ly  from s t u d i e s  of t h e  " in tegra ted"  o r  t o t a l  burning times. 

(5) 
o the r  than  maybe t o  inc rease  t h e  s c a t t e r  i n  t h e  burning t imes.  
any such e f f e c t  w i l l  almost c e r t a i n l y  r equ i r e  more accura te  s t u d i e s ,  us ing  
more p r e c i s e l y  spec i f i ed  m a t e r i a l s ,  both wi th  regard t o  composition a s  wel l  
as shape. 

F i n a l l y ,  shape appeared t o  have no de tec t ab le  e f f e c t  on the  burning r a t e s ,  
Detect ion of 
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Values of Swell ing F a c t o r ,  E [dJdA 
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2.  Five f t .  91.8 14.9 1..5, 1.25, 1 . 9  
3 .  Two f t .  Nine 91.2 28.8 IL.1 ,  1 .25 ,  2.2 

89.7 23.3 1 . 7 5 ,  1 . 6 ,  1 . 7  4. Red Vein 

5. Garw 88.9 30.6 1 .8 .  1 .6 .  1 . 4  
1 . 7 ,  1 . 9 ,  1 .7  

1 . 9 ;  1 . 5 '  
6. S i lks tone  86.9 41.5 1.8, 1.4 

84.0  39.3 1.3, 1.1, 1 . 6  7 .  Winter 

8.  Cowpen 82.7 40.2 1 . 6 ,  1 .5 ,  1 .9  
81.9 40.7 1.4, 1.5. 1 . 4  9 .  High Hazel 

1 . 9 ,  2.0 
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1.8,  1 . 6  
10. Lorraine 

Mean (fl 

1 
1.55 
1.48 
1 . 7 2  

1.64 

1 . 6  
1.58 

1 . 6 7  
1 .56 

1 .54  
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L . IPSTRODUCTI ON 

I n  s p i t e  of t h e  immense amount o f  research on com5ustion of carbon i n  t h e  
l a s t  30 years ,  t h e  c l a s s i c  e x p e r i m n t s  of Tu, Davis, and Hot te l  (1) on 1" . ' - 

spheres  a r e  s t i l l  of t h e  b e s t ,  and perhaps s t i l l  t h e  most widely quoted, of'  
a l l  experimental  work on t h e  s u b j e c t ,  c a r r i e d  out a t  atmospheric pressure ,  
and i n  t h i s  range of p a r t i c l e  s i z e  and temperatures.  The theory,  of course,  
has  advanced i n  s e v e r a l  p a r t i c u l a r s  s ince then (see Reviews (2-5)) and it has 
long been known t h a t  t h e  o r i g i n a l  Tu e t  e. t h e o r e t i c a l  a n a l y s i s  was imdequate .  
I n  t h e  o r i g i n a l  a n a l y s i s ,  only desorpt ion and boundary l a y e r  d i f f u s i o n  were 
considered a s  possible  r a t e - c o n t r o l l i n g  s t e p s  i n  t h e  react ion:  chemisorption 
and i n t e r n a l  reac t ion  were neglected.  
t i m e  of wr i t ing ,  these  two l a t t e r  concepts had not  been formulated,  o r  no t  
genera l ly  accepted; a l s o ,  as  a b i a s  a g a i n s t  consider ing adsorp t ion ,  t h i s  was 
always assumed t o  be s o  f a s t  a s  t o  be e f f e c t i v e l y  instantaneous.  According t o  
Brunauer ( 6 ) ,  the  concept of a c t i v a t e d  adsorpt ion was first formulated i n  t h e  
e a r l y  1930 ' s  - about the  t i m e  of wr i t ing  of t h e  Tu e t  a l .  paper ,  o r  soon a f t e r -  
b u t ,  even a decade l a t e r ,  it s t i l l  had not  been general ly  accepted, with the  
consequence t h a t  many t r u e  chemisorption processes even then were being incor- 
r r e c t l y  i n t e r p r e t e d  i n  t e r m s  of s o l u t i o n ,  d i f f u s i o n ,  migration (mobile adsorp- 
t i o n ) ,  o r  reac t ion  a t  t h e  s o l i d  sur face  i t s e l f  (6). Analysis of t h e  i n t e r n a l  
reac t ion  processes came even l a t e r ,  and has only been developed i n  t h e  l a s t  
decade or so .  

This  neglec t  w a s  simply t h a t ,  a t  t h a t  

T h i r t y  years  of research  t h e r e f o r e ,  has l a r g e l y  inver ted  t h e  r e l a t i o n  
t h a t  is t o  say ,  theory now leads  between t h e o r e t i c a l  t o  experimental  work: 

experiment i n  consol idated development. Even s o ,  t h e  t h e o r e t i c a l  p o s i t i o n  i s  
st i l l  confused: 
as t h e r e  a r e  now almost t o o  many t l ~ e o r e t i c a l  p o s s i b i l i t i e s  ava i lab le  t o  explain 
any given s e t  of  new experimental  data .  
required t o  c l a r i f y  q u i t e  a n m b e r  of t h e o r e t i c a l  ambigui t ies ,  incons is tenc ies ,  
and contradict ions.  
p r a c t i c a l  concern a t  t h e  p r e s c n t  moment i s  t h e  r e l a t i v e  irrportance of t h e  t h r e e  
p r i n c i p a l  - res i s tances"  (1 7) i n  t h e  carbon oxidat ion reac t ion .  The three  
r e s i s t a n c e s  a r e  those of :  boundary l a y e r  d i f f u s i o n  (So) ; adsorpt ion (S ) ; 
and desorpt ion (S2). 
the  r a t e  cont ro l  a t  temperatures  i n  excess of 1.000-K. Hot te l  and Stewart  (8 )  
had i n  f a c t  shown concLusively, 2 5  years  ago, t h a t  t h i s  was d e f i n i t e l y  not  t h e  
case f o r  smil p a r t i - c l c s  of pulvcr iscd-coal  s i z e ,  i n  flames,  but l i t t l e  oi* no 
noti.cc seems t o  havc  L-en talcen o f  rilis paper till. recentl;r. 
(9 ,lo) however has iiolc confirmed tile essent i .a l  cozrectness of Hot-1-ei and 
Stewart  '.s conciusi 01: ~ J U ~  tl1i.s now ;ii-i.ngs i n  question tile has i  s o f  t h c  previous 
be:.ief, an2 a l so  over  what 1-arigc of p a r t i c l e  s i z e s  and tempei-oturtrs t:I:c? 17el~~ Con- 
c lus ion  is  valLd. 

confidence i n  many of t h e  t h e o r e t i c a l  concepts is s t i l l  low 

Further  d e f i n i t i v e  experiments are 

One p a r t i c u l a r  such poin t  of major fundamental and 

Tor  many years ,  only d i f f u s i g n  was ever considere& as  

Lates t  work, 
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I n  support  of t he  o;.iginal content ion of d i f f u s i o n a l  c o n t r o l  a t  high 
temperatures ,  t he  paper most f w q u e n t i y  quoted would seem t o  have been t h a t  of 
Tu 1. S i  nee ,  however, t h e  o r i g i n a l  a n a l y s i s  was incomplete or inadequate, 
f o r  the reasons Liven above, our thought was t h a t  t h e  Tu e t  a l .  d a t a  might no t  
be i n c o n s i s t e n t  with the new concepts,  bu t  simply had never 3een t e s t e d  a g a i n s t  
them. It i s  t r u e  t h a t  t h e i r  data  apparent ly  gave f u l l  support  t o  t h e  concept 
of d i f f u s i o n  con t ro l ,  hut it has been shown elsewhere (2) (following Brunauer's 
( 6 )  suggest ion) ,  t h a t  many combustion d a t a  can reasonably be r e i n t e r p r e t e d  i n  
terms of an a c t i v a t e d  adsorption c o n t r o l ,  i n s t e a d  of t he  general ly  assumed 
d i f fus ion  cont ro l  .- i f  it can Le accepted t h a t  t he  a c t i v a t i o n  energy, though 
low, i s  f i n i t e ,  i n  t h e  region of 2000 t o  4000 c a l . ,  and t h e r e f o r e  a b l e  t o  
generate  a small ,  hut not n e g l i g i b l e ,  r e s i s t a n c e .  Given t h i s  assumption, t h e  
Tu a>-. da t a  can then ,  apparent ly ,  be shown t o  give equal ly  f u l l  support  t o  
t h e  a i t e r n a t i v e  hypothesis of  adsorpt ion c o n t r o l .  This  evident  con t r ad ic t ion  
( i . e .  , equa l  support  t o  both hypotheses,(, means of course,  t h a t  t h e  i n t r e p r e -  
t a t i o n  of t h e  Gata, a s  analysed t o  d a t e ,  is  ambiguous; 
neve r the l e s s ,  t h a t  t h e  ambiguity was i n  t h e  a n a l y s i s ,  not  i n  t h e  data .  There- 
f o r e ,  i Z  t h e  data were of t h e  high q u a l i t y  t h a t  i s  general ly  claimed f o r  them, 
it might be poss ib l e  to remove t h e  ambigui t ies  by us ing  t h e  da t a  t o  tes t  t h e  
f u l l  equations now a v a i l a b l e  i n  t h e  l i t e r a t u r e  (3-S), i n s t e a d  of t h e  p a r t i a l  
equat ions used h i t h e r t o  (1) (see a l s o  (11,12)). which were gene ra l ly  based on 
unve r i f i ed  assumptions of very r a p i d ,  and t h e r e f o r e  neg lec t ab le ,  adsorption. 

b u t  it seemed. t o  us ,  

Thc purpose Gf t h i s  papci-, t h e r e f o r e ,  is  t o  prese?,$ this  r c -ana lys i s  I t  
f . 2 t z  a r c  indeed m2 , xcc l l cn t  .qualsty (th- .Limiz:tins thc need 

It a l so  shows t h s t  Idsor2t ion pr?.;seiits a small, 
:>ut s i p i f l c a n t  r e s i s t a n c e ,  w;i?.c:: i n c r e a s e s  i n  importance 'as: t i i c ' p a r t i c l e  s i z e  
d rops ,  kcominz  duminaat a t  something under. 100 microns. There are, t h e r e f o r e ,  
no. c isscnt ia l  i ncons i s t enc ie s  w i t h  &her  and more r ecen t  d s t a ,  so"the t e s t e d  
equcltions can bc usQd t o  some ex ten t  t o  p r e d i c t  combustion k h a v f o u r  of very 
small p a r t i c l e s .  

t h i  cxperimcnts).  

2 .  THEQRY 

The l i t e r a t u r e  and general  theory of car3on combustion has been reviewed 
SO o f t e n ,  and s o  extensively (2-S), i n  t h e  l a s t  few y e a r s ,  t h a t  we do not 
i n t end ,  i n  t h i s  s e c t i o n ,  t o  do more than s e t  out t h e  e s s e n t i a l  equat ions i n  
t h e  b e s t  form f o r  our immediate purpose of t e s t i n g  them by r e - a n a l y s i s  of t h e  
Tu e t  a l .  (1) experimental da ta .  The most exhaustive of  t h e  reviews i s  t h a t  
by Walker e t  a l .  (4) who paid p a r t i c u l a r  a t t e n t i o n  t o  mechanism d e t a i l s ,  i n t e r -  
n a l  r e a c t i o n ,  C02 and o the r  r e a c t i o n s ,  and in f luence  of r a d i a t i o n .  
purposes here ,  however, t he  nomenclature of t h e  o t h e r  reviews is more convenient, 
and has t m r e f o r e  been followed. 

For our 

2 . 1  
flowing f l u i d  and tht. s o l i d  it surrounds (e.g. ,  (13,14)) i s  t h a t  of a t h r e e  
s t a g e  process .  (2) 
a g a i n s t  t h e  counter d i f f u s i o n  of i n e r t s  and/or r eac t ion  products  - e .g . ,  N2: 
CO , CO. (2) A t  t h e  s o l i d  su r face  t h e  r e a c t i n g  f l u i d  i s  chemisorbed, requir ing 
acg iva t ion  energy of adsorpt ion,  E (3) 
c3n be microsCconds, t h i  f i n d  re&ion  step i s  co mp1eti.d with t h e  desorpt ion 
of t h e  idsorbLC mate r i a l  which csr l r ics  with T t  t h e  underlying stom of the s o l i d ,  
70 fol-ming tiii r c a c t i o n  products:  
t3td p r o l e s s  i s  then completed with coun te r -d i f fus ion i l  c$capk of thest 
?roducty i n t o  the m i n  f l u i d  c t r e m .  Thi.; genLrz3 process  can t h e n  be t r e a t e d  
mthcm?ticcil ly by set t ' l 'hg up t h e  simultaneous equations Both f o r  5 w d s r y  l a g e r  
j nd .po rL .d i f fus ion  and f o r  t h e  appropr i a t e  adsorpt ion isotherms. These are t he  
s u b j e c t s  of thc. next two sec t ion .  

General Model - The c l a s s i c  p i c t u r e  of heterogeneous r e a c t i o n  between a 

The r e a c t i n g  f l u i d  d i f fuseS  through a Loundary l a y e r  

Af t e r  a f i n i t e  res idence time, which 

t h i s  r e q u i r e s  activclt ion energy, E2. The 
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2 . 2  DifFusion - P o t e n t i a l l y ,  t h i s  can opera te  ir. two ways: boundary l a y e r  
(external)  d i r f u s i o n ;  and by pore ( i n t e r n a l )  d i f fusron .  

( i )  Boundary l a y e 2  d i f fus ion:  The e x i s t e n c e  0: t h i s  process  i s  w e l l  
e s t a b l i s h e d ,  an:! t h e  process  w e l l  understood; and, as a i.esu;t of exce l len t  
agreement between p r e d i c t i o n  and experiment (15-17) , conligence i n  tlie' abso lu te  
accuracy of t h e  d i f f u s i o n  c a l c u i a t i o n s  f o r  combustfon r a t e s '  i s  now high. 

To t r e a t  dir ' rusion mathematical ly ,  w e  d e f i n e  a v e i o c l t y  cons tan t  f o r  mass 
t r a n s f e r  ( t r a n s f e r  c o e f € i c i e n t )  , k hy t h e  equation: 0' 

Rs = :co(P0 - PSI 

where p i s  t h e  oxygen p a r t i a l  p r e s s u r e ,  wi th  s u b s c r i p t s  o and s for values ,  
respec t ive ly :  i n  t h e  main s t ream, and ad5acent t o ,  t h e  s o l i d  suz-Pace. The 
v e l o c i t y  cons tan t ,  ko, is  a f u n c t i o n  of p a r t i c l e  s i z e  and general  ambient 
condi t ions ,  inciuding temperature  and v e l o c i t y  i n  par t icu la- .  Standard analysis 
of th is  system, Following Nusse l t  (14) , l e a d s  t o  an equat ion f o r  k t h a t  may 
be w r i t t e n  as the tempcrature  ;'unction: 

n-1 
ko = Ao(T/To) 

where A, is a v e l o c i t y  dependent c o e f f i c i e n t ,  giveil below; and n i s  an index 
genera l ly  l y i n g  between 1 . 5  and 2, depending on t h e  n2tu-e of t h e  d i f f u s i n g  
gases involved. For oxygen i n  n i t rogen ,  which i s  t h e  dominant system i n  a i r -  
com?xstion, experiment gives  t h e  t e s t  va lue  f o r  n as 1 .75  (1G,i9). The 
c o e f f i c i e n t  A is given ' 2 ; ~ :  

0 

A. = (foMc/Mo) (Do/d)Nu = K.Nu (3) 

i 

1 

where 6 is t h e  s . t .p .  d e n s i t y  of  oxygen; 
of c a r d n  and oxygen r e s p e c t i v e l y ;  
oxygen throuzh n i t r o g e n ;  
number for mass t r a n s f e r .  
Prandt l  numbers t h a t  can lie w r i t t e n  

Mc and M, a r e  t h e  molecular weights 
Do is t h e  s . t . p .  dii'i'usion c o e f f i c i e n t  of 

d i s  t h e  p a r t i c l e  diameter ;  and Nu i s  t h e  Nusselt  
In  genera l ,  Nu i s  a funct ion of t h e  Reynolds and 

(W rn 11 Nu 2 +  c . R e  .Pr  

where c i s  a numerical c o n s t a n t ,  L-anging i n  v a l u e  (according t o  both t h e  heat  
and t h e  mass t -ansfer  l i t e r a t u r e  (20,21)) from 0.18 t o  0.7,  obtained by cor re la -  
t i o n  of d a t a .  
give only t n e  one va lue  of 0.6 (22). This  is cLose t o  K h i t r i n ' s  value of 
0.7 (23) ,  quoted by Golovina and Khaustovich (24).  The Pr index, n ,  i s  given f 

by near ly  a l l  a s  1/3, b u t  i n  any case  t h e  P r a n d t l  numher i n  t h i s  i n s t a n c e  i s  
s o  c lose  t o  uni ty  t h a t  i t s  cube r o o t  can be taken  as 1 with less than 1% e r r o r .  
The R e  index,  m ,  is  a l s o  given a ranze of v a l u e s ,  from 0.5 t o  0.8 (see (20,21)) 
i n  the h e a t  t r a n s f e r  l i t e r a t u r e ,  J u t  aga in ,  t h e  pure ly  mass t r a n s f e r  l i t e r a t u r e  
seems t o  agree on 1/2.  This  i s  given by Ranz and M a r s h a 2  (22) and by K h i t r i n ,  
(23) and it i s  a l s o  t h e  va lue  used t o  c o r r e l a t e  com'mstion da ta  by Graham 
-- e t  a l .  (25) and by Day (26). Walker e t  a l .  (4) do fluote iower c o e f f i c i e n t s  
than t h i s  for var ious  combustion systems, ] ~ u t  t h e  systems a r e  not  i s o l a t e d  
spheres .  
t h e  Reynolds number i n t o  a coefFic ien t  and a v e l o c i t y ,  we can r e w r i t e  eqn (4a) 
as : 

/ 
Grober an& Erlc (20) , i n  t h e i r  ,re-iiew of t h e  mass t r a n s f e y  d a t a ,  

, 

/ 
Takin:. t h e  va lue  of 0.6 For c,  1 / 2  f o r  m, mi*] f o r  Pr, and expanding 

(G) ,! 
Nu = 2 t c ' .vo 1 /2  

where c '  talces t h e  value:  2.64 ( a t  c = 0.6) . 
(ii) Pore d i f f u s i o n :  T h i s  p o t e n t i a i l y  can p lay  a p a r t  only i n  t h e  event A of pore or i n t e r n a l  r e a c t i o n .  12 it does s o ,  however, it has been shown 

- 
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. L h  

11) Laii  muirisoiheI.81: Ti&j -sot;iLmrii dLpeniZs 0.i only t i i o  vc'r0:~t-y co ctants: 
one foi & E i i r i ~ i c e s s ,  IC ; and one f o r  t h e  desorpt ion p rocess ,  it4. 
Both a r e  assumed t o  be i n v a r i a n t  b i t h  r e spec t  both t o  oxygen concentratioA, 
and t o  percentage coverage of t h e  s o l i d  su r face  by t h e  adsor 'xd f i lm.  
s p e c i f i c  r eac t ion  r a t e  i s  R, (g of c a r k o d s q .  cm. see . ) ,  t h e  Langmuir isotherm 
then g ives  u s  (5) 

IF t he  

1 / R s  L1 (lflclps) + (l /k2) (5) 

where p 
v e l o c i t y  cons t an t s  can be w r i t t e n  i n  general  a s  

i s  t h e  oxygen concen t r a t ion  ad jacen t  t o  t h e  s o l i d  carbon surface.  The 

k = A1. exp (-E1/RT) 1 
!c2 = A2. exp (-E2/RT) 

where t h e  E ' s  are  t h e  a c t i v a t i o n  ene rg ie s  a s  a l r eady  def ined;  and A and A 
a r e  t h e  pre-exponential  c o n s t a n t s  or  frequency f a c t o r s .  Like E andlE 

t i o n ;  
can only be determined experimental ly  f o r  t h e  p a r t i c u l a r  systemlunder 

b u t  A1 can, i n  p r i n c i p l e ,  be c a l c u l a t e d  from Kine t i c  Theory, which gives 

A1 = B l / J X  (7a) 

where: P is t h e  abso lu te  t o t a l  p re s su re  (dynes/sq.cm.); M i s  t h e  mean mole- 
c u l a r  weight of t h e  ambient gas; R is t h e  gas cons t an t ;  a n d o i s  a steric,  
o r i e n t a t i o n ,  o r  entropy f a c t o r  f o r  t h e  oxygen as it is adsorbed on t h e  s o l i d  
su r face .  

For reasons t o  he explained below (Analysis,  sec.  3 ) ,  it is convenient t o  
inco rpora t e  t h e  root- temperature  t e r m  i n  an apperent  or e f f e c t i v e  a c t i v a t i o n  
energy E;, whence we may w r i t e  -- 

kl = B1.exp(-E 1 /RT)/,/ "/To ( 3 4  

(Sb) = B; - exp (-E;/RT) 

The ob jec t ive  of t h i s  is t o  reduce t h e  temperature-dependent f a c t o r  A1 t o  a 
temperature-independent f a c t o r  B1, and hence t o  BJ ,  (=Bl/br where b = 3.9), 
where t h e  f a c t o r s  B are a l s o  independent of v e l o c i t y .  

Combined Kine t i c s  - T o  t a k e  a l l  t h e  p o s s i b l e  f a c t o r s  i n t o  account simul- 

tics by el iminat ion of t h e  unknown p a r t i a l  p re s su re  p, by so lv ing  f o r  t h i s  
between eqns (1) and (5) and equat ing.  This  g ives  t h e  quadra t i c :  

.4 
aneously,  it is  c l e a r  t h a t  w e  must s e t  up t h e  equation f o r  t h e  cmbined  kine-  B 

(9) 
Rs 2 - (kop0 + k2 + kok2/k1)R, + (koPJk2 = 0 

This  i s  a l r eady  cumbersome: 
c i t y  cons t an t s  (k) a r e  a l s o  i n s e r t e d ,  t h e  equat ion becomes t o t a l l y  unweildly. 
There a r e  then so many c o e f f i c i e n t s  t h a t  t h e  expression could be f i t t e d  t o  
anything a t  a l l ,  r e l e v a n t  or no t .  
Analysis (sec. 3 ,  below) t o  cons ide r  s p e c i a l  ca ses  t h a t  can be l e g i t i m a t e l y  
e x t r a c t e d ,  and t o  t e s t  t h e  expres s ion ,  u n i t  by un i t .  
two of t h e  s p e c i a l  ca ses  of importance,  i n  t h i s  s e c t i o  n ,  f o r  use i n  t h e  
a n a l y s i s  be l  ow. 

it is c l e a r  t h a t  i f  t h e  expressions f o r  t h e  velo- 

For t h i s  reason,  we have t r i e d ,  i n  our 

For t h i s  reason we der ive 

A 
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(1) 1'3 la?:;<: For  t h i s  spec ia l  ca se ,  w e  d iv ide  t h e  equat ion thLqough b:! 
is  j a r g e ,  t h e  two terms (R2/!c2) and (k@ / k 2 )  both !\7 and, f i n d  t h a t ,  when k 

b'. cC@nlc , van-sli;;lgly smaii. * This  Leavcs only t h e  f ami l f a r  , res i s tancg"  equation: 

1/R, - = (Vkopo) +(l/k1pJ (loa) 

where ' S '  is t h c  appropr ia tc  r e s i s t ance .  

The s i y i r i c a n t  po in t  of t h i s  equat ion is t h a t  t h e  r e a c t i o n  rete i s  f i rs t  
This  i s  orc?er (propoTtiona1 t o  p ) whatever t he  r e l a t i v e  va lues  of k 

important  a s  t h i s  r e s i s t%nce  e y a t i o n  a p p l i e s  only when !c2 - i g  l a r g e ,  i . c . ,  a t  
high temperatu-es. T h i s  was t h e  ce: i t ra l  e r r o r  of t h e  o r i g i n a l  Tu e t  a l .  (1) 
a n a l y s i s  s ince  t h e  au tho r s  s t a r t e d  ;y assumirg t h a t  t h c  r e a c t i o n  w a s  f irst  
o r d e r ,  ovcL- the  whole temperature range ; they  then showed experimental ly  t h a t  
t h t  f i rs t  o-der r e a c t i o n  w a s  t r u e  only above 1100 o r  l200%, w i t h  a zero order  
r eac t ion  :ELOW t h i s  temperature (as l a t e r  confirmed by o t h e r s  (33,34))  ; but  
;'et they  continued t o  anaiyse the  full d a t a  i n  terms o€ the i r  on ly -pa r t i a l ly  
a p p l i c a J l e  cquations. For t hese  reasons ,  t h e  a c t i v a t i o n  energy was mis- ident i -  
f l e d ,  and the  p a r t  played by adsorp t ion  i n  t h e  high temperature  reg ion  was no t  
apprec ia ted  . 

and kl. 

' ( i i )  l a rge :  The o r i g i n a l  Tu e t  a l .  a n a l y s i s  t'nerefore was base6 on 
the  concept& chemical con t ro l  a t  low temperatures ,  and full d i f f u s i o n a l  
c o n t r o l  a t  high temperatures .  This  only fol lows i f  adsorp t ion  i s  s o  f a s t  t h a t  
1 ~ 1  ik v e r y  l a r g e ,  and w e  than  have another  s p e c i a l  case  o? g r e a t  interest .  For 
k7 l a r g e ,  t h f  ';e-m ex k A<:) ii: eqn. (9). vanishes ,  .and t h e  r e s u l t i n g  expression 
then f a c t o r i s e s :  - 0 2  I 

What t h i s  i m p l i e s  i s  t h a t :  
c o n t r o l l i n g  a t  hiLh temperatures;  hu t ,  between the  two, t h x e  is "0 t r a n s i t i o n  
rcgion. Change Zrom one region t o  t h e  o t h e r  is  q u i t e  discont inuous.  There i s ,  
of C O U L - S ~ ,  cont inui ty  i n  the  r eac t ion  rate va lues ;  
d i scon t inu i ty  i n  t h e  s lopes  of tk two cu rves  a t  t h c  Junc t ion  of t h e  two regims, 
Experimentally, t h i s  has  Seen shown e x p l i c i t l y  f o r  t h e  carbon-hydrogen r eac t ion  
( 3 5 ) ,  and i m p l i c i t l y  Lor  t he  carbon-oxygen r eac t ion  under such condi t ions  t h a t  
t h e  r eac t ion  1s. poss i !  l y  t h a t  by CO,, wi th  t h e  carbon, i n  a double f i lm  a t  t h e  
onse t  of d i f fus ion  (24) .  

k2 i s  con t ro l l i i i g  a t  low temperatures;  !copo i s  

Aut t h e r e  is  complete 

- 

( i i i )  kn h r g c :  F o r  t h i s  condi t ion ,  i n s e r t e d  fo- completeness, eqn. (9) 

We can thcn w r i t e  i n  the r e s i s t a n c e  no ta t ion :  
reduces t o  thc  Langmuir i so thr rm o f  eqn. 

ps .  

( 5 ) ,  though wi th  po s u b s t i t u t e d  f o r  

l / R s  = S1 t S 2  (53) 

3 .  ANALYSIS 

I n  t h i s  a n a l y s i s ,  now t o  5e developtd helow, our e s s e n t i a l  oh;ective was 
t o  i x t r a c t  experimental vaLues, from the  Experimental d a t a ,  i n  such a form t h a t  
it would then  JC p o s s i , l e  t o  chec!c one dependent v a r i a b l e  a g a i n s t  one indepen- 
dent  one, accoxi ing  t o  t h e  devslopcd equs t ions ,  a l l  o the r  v a r i a b l e s  remaining 
cons tan t  i n  t& par t i ' cu la r  process  Leing checked. T h i s  seemed t o  us  t o  De t he  
only Val;': way of t e s t i n g  such involved and e l abora t e  equat ions  a s  those given 
ibove,  thou;;;: it i s  concedtd t h a t  t h e  methods of e x t r a c t i n g  t h e  opera t ing  
v a l u e s  may pcrhaps be regarded as somewhat q u e s t i o n a d e  i n  one OT t w o p a r t i c u l a r s  
However, it i s  d i f f i c u l t  t o  s ee  what o ther  approach could have Leen adopted. 

I 
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The ana lys i s  s t a r t s  w i t h  a r e -p resen ta t ion  of t h c  data .  

3 .1 Data P l o t  - Fig.  1 shows t h e  p i o t  of the o r i g i n a l  Tu, Davis,  and Hottel  
da t a  ( l ) ,  bu t  as  an Arrhenius  p l o t  i n s t e a d  of t h e  dou'jle-lo:, p l o t  t h a t  they 
used;  
furnace temperature. 

a l s o  using carbon s u r f a c e  temperatures  a s  being more r e l e v a n t  then 

f i t t e d  t o  t h e  ,data, with an a c t i v a t i o n  energy (E2) taken a s  40,000 c a l .  
value was s e l e c t e d  a s  i t  gave a b e t t e r  f i t  t o  t h e  da t a  than t h e  35,000 ca l .  
y o t e d  by t h e  o r i g i n a l  a u t h o r s ;  
e l e c t r o d e  carhon (see (3 ,4 ,21 ) ) .  

This 

it was a l s o  c l o s e r  t o  o the r  va lues  found f o r  
I 

where I c 2 . i s  identified from thy s t a r t  with t h e  same !c 
t h e  previous equat ions;  
de f ined ,  a l s o  empi r i ca l ly ,  by: 

desorpt ion s t e p  a s  i n  ' , 
b u t  Ic2 is i n s e r t e d  empi r i ca l iy .  This i s  i n i t i a l l y  

I 1 1 A 
k2 = A 2 .exp(-E1/R.T) (13) 

I I 
i where E '  is  an e f f e c t i v e  a c t i v a t i o n  energy t h a t  i s  i d e n t i f i e d  below a s  the  E 

and concentration-dependent c o e f f i c i e n t  o r  frequency 2 f a c t o r .  
1 

of eqn. (Gb), and so  is  w r i t t e n  a s  such h e r e ;  and A '  i s  an empi r i ca l  v e l o c i i y  

Our procedure now is: f i rs t ,  t o  show t h a t  t h i s  formulat ion has  empir ical  ' 
/ value i n  co r re i a t5ng  t h e  d a t a ,  t o  reduce t h e s e  t o  s p e c i f i c a t i o n s  i n  terms of 

empi r i ca l  equat ions,  i nco rpora t ing  empi r i ca l  d e f i n i t i v e ,  c o e f f i c i e n t s ;  and 
secondly,  t o  show t h a t  t h e  empi r i ca l  d e f i n i t i v e  c o e f f i c i e n t s  a l s o  have funda- , 
mental j u s t i f i c a t i o n  and meaning. / 

3 . 3  
i s  i l l u s t r a t e d  i n  Fig.  2. 
da t a  sets: namely, f o r  t h e  t h r e e  oxygen concen t r a t ions ,  21.0076, 9.69%, and I 

2.98%, a t  t h e  s i n g l e  approach v e l o c i t y  of 3 . 5 1  cm./sec. 
were t r e a t e d  s i m i l a r l y  ( p l o t s  no t  reproduced). 
" f i t t i n g "  l i n e s  were drawn, one equivalent  t o  a s lope  of 2,000 c a l . ,  f o r  E , ,  
and t h e  o t h e r  equivalent  t o  a s lope  of 40,000 c a l . ,  f o i  E*. 
two l i n e s ,  f u r t h e r  l i n e s  were drawn which were expected t o  be t h e  l i m i t i n g  
assyrnototes of t he  "Langmuirii curves when these  were c a l c u i a t e d  and drawn i n  011 
t op  of t h e  da ta .  
such f i t t e d  l i n e s ,  t h r e e  f o r  t h e  s lopes  of El, and one f o r  t h e  s lope of E*. 

Data F i t  - To c o r r e l a t e  t h e  da t a  5y means of eqn. (12) , t h e  method used 
Th i s  i l l u s t r a t e s  t h e  method for j u s t  t h r e e  of t h e  

i A l l  t h e  o the r  data 
, On these  data p l o t s ,  two 

,' 
P a r a l l e l  t o  these  

FOE t h e  d a t a  of Fig.  2 ,  t h f s  gave u s ,  as can be seen,  four  A 



191 
AS  mentioned above, t h e  k l i n e  was r e t a i n e d  a s  common t o  a l l  the d a t a  (common 
~12 and E ) , f o ~  ,111 v e i o c z t i e s  and oxygen concent ra t ions ,  b u t ' t h e r e  were n ine  
difl'c'i-en$ v a h e s  obtained of t h e ,  empir ica l  frequency f a c t o r  A2 , though a t  t h e  
Common value of 2,000 c a l .  foi- El. This  s p l i t s  t he  da t a  i n t o  temperature- 
dependent, and temperature-independent g o u p s  or  c o e f f i c i e n t s  ( i . e . ,  exp(-E/RT) 
2nd A ) .  

Once t h e  k2 and k '  l i n e s  had been drawn i n ,  t h e  'cLangmuir" Curves W e r e  

l i n e  t h a t  .would g ive  t h e  b e s t  looking  Z i t  (by eye) Of t h e  

e a s i l y  ca l cu la t ed  and .&awn i n ,  as shown i n  F ig .  2 .  
c a l  procedure,  syve ra l  t r i e s  were r equ i r ed  f o r  some of  t h e  l i n e s  t o  g e t  a 
plac ing  of t h e  ic 
Langnuir curves  $0 the experim?i?tal da t a ,  I n  t h i s  f i t t i n g  p rocess ,  . a  value Of 
4,000 c a i .  was a l s o  t r i e d  f o r  El, bu t  t h e  f i t  g iven  w ? s  very poor  in .comparison 
t o  t h e  f inal ly , -adoptad value of 2pOo tal, Two o the r  va lues  f o r  E2 were l ikewise  
t r i e d :  35,000 c a l .  a s  proposed by Tu e t  a l . ,  and 58,000 c a l .  a s  proposed 
by [cricke (36). It  was found 'jy t h i s  t h a t ,  wi th in  t h e  l i m i t s  of t h e  experimental 
s c a t t e r . ,  t h e  f i t t e d  cu;'vcs w e r E  somewhat i l s e n s i t i v c  t o  inc rease  of E Pbove 
LIo ,000  ai. ( the  vaiue f i n a l l y  se lec ted)  , but  t h e  f i n a l l y  s e l e c t e d  vaTue seemed 
t o  . I J ~  t h e  b e s t  compromise betwee3 t h e  s l i g h t l y  c o n f i i c t i n g  demands ef a l l  t h e  
da t a  s e t s .  I t  can also be seen ,  however, on both Fig. L and 2 ,  t h a t  t h e  f i n a l  
Langmuir curve has  a long  t r a v e r s c  a t  t h e  lower temperatures ,  p a r t i c u l a r l y  for 
t he  50.0 cm./sec. l i n e  a t  21% oxygen, t h a t  has  very l i t t l e  curva ture  and, 
wit'.:in l i t t l e  e r r o r ,  a s t r a i g h t  l i n e  could 13e drawn i n ,  as  an approximation, 
t h a t  would hsve an e f f e c t i v e  s lope  of close t o  35,800 c a l .  
t o  ,'.e. the o r i g i n  of Tu ST s . f i g u r e  of 35,000, and t h e r f o r e  subs t an t i a t ed  
OUT conclusiofi t!iat our vaiue shouiZ exceed t k e i r s .  

Bcaause t h i s  was an empiri- 
' 

This  would appear 

. .  
. One f J n a i  p o i n t  caii a i s 0  5e i l l u s t r a t e d  on Fig.  2 .  1: WE accept  t h a t  t h e  

value oE El w i l l  r i s e ,  and E, w i l l  drop,  wi th  inc reas ing  su r face  coverage, 
( i - e . ,  decreasing tempeL-aturc), t h e  e f f e c t  is  shown i n  F ig .  2 by the  do t t ed  
cu rved . l i nes .  
Langmuir curve,  t he  two tendencies  could very w e l l  o f f s e t  each o t h e r ,  a s  
descr ihed  above, thus  r e s t o r i n g  what mig!it Be a .Ternkin isotherm t o  a pseudo- 
L a n p u i r  isotherm. 
empir ica l  po in t  of view. 

3 .4  
can Sc desc- ibed,  t o  some degree of accuracy,  by eqn. (12), wi th  the  I< and 
k '  components descr ihed  by eqns. (6b) and (13).  Now, i f  t h e  exper imngs  had 
a h  been ca r r i ed .  out. a t  temperatures  i n  excess  of about, 1100%, and had been, 
continued t o  h igher  temperatures  s t i l l ,  t h e  k2  term would have been r e l a f i v e l y  
unimportant, and t h z  da t a  couid have been descr ibed  empir icy l ly  by t h e  k, t e r m .  
a lone . .  19, t:?e.refo:-e, wc now concent ra te  s o l e l y  upon the  k term, what 5ur  
f i t t i n g  procedure h a  done i s  to ,cor i -ec t  t he  da ta  f o r  t h e  k: component, and 
i t  now ai iows us  t o  t r e a t  t h e  da ta  a s  i P  thc  k2,tei-m were very l a r g e  - i . e . , t h e  
low temperature r i s i s t a n c e ,  S2,  i s  very, small .  But, under t hese  circumstances,  
t h e  o r i g i n a l  eqn. (9) reduces t o  t h e  f a m i l i a r  r e s i s t a n c c  approximation of 
cyn. ( l o ) ,  which can be w r i t t m  ir. t h e  a l t e r n a t i v e  foi-m: 

It is q u i t e  c l e a r  from t h i s  t h a t ,  i n  p l o t t i n g  out  t h e  composite 

This  he lps  t o  2 u s t i f y  our procedurc,  a t  l e a s t  fran the  

Iden t i IFca t ion  -. The procedure ou t l ined  above demonstrates t h a t  the  d a t a  

Rs klpi/ (1 t ic n( ) ( for  k2 i a rgz )  (1LS)  
1 0  , .  

and t h i s  can now >e compared with thc. empir ica l ly  der ived equat ion:  

t h i s  + ing  t!w cont rac t ion  of eqn. (12) when k i s  very l a r g e .  
c i L n t s  a r c  tcmperaturc  independent, hu t  s t i l l  Zonctp t ra t ion  and v e l o c i t y  depen- 
dent . I:, t : iccLLorL,  t i i t  empi-ical c o c f f i c i m t s  A, have any fundamental j u s t i -  

The A; c o e f f i -  

f i c a t i o n , - w c  must h e  a t l G  t o  s e t  up an i d e n t i t y  h e h e e n  eqns. 
Test.i.nz th i s  presumed i d m t i t y  I s  t::e sub jec t  of t h e  :'est Of t h i s  s ec t ion  ( 3 ) .  

(14) and (15). 



6nd so 

A; = k i - P o  

R, -- - !(.p 
' 0  

whencc:, i f . t h c :  i d c n t i t y  holds ,  thC n;.w cmpir ica i  c o c f f i c i m t - A '  should now kd 
indc.pendcnt of tcmpcraturd an3 o x y g ~ n  zoncent ra t ion ,  and dcpa?li.nt only upon 
w l o c i t y .  Tnis  can ki- s u b s t a n t i a t e d ,  i n  thi. E i r s t  i n s t a n c e ,  IZ)J t c s t i n g  thi. 
r z l a t i o n  of cqn. (16) a g a i n s t  th7i cxpzrimcntai  data .  This  can only 52 done 50;- 
t h  two 1owi.r v L l o c i t i e s ,  a t  3.51 and 7.52 cm./scc., but thi: r c s u i t s ,  shown i n  
Fig.  3 support  t h c  i d k n t i t y .  For complLtLnsss, eqn. (16) has bccn assumed t o  
hold f o r  t h e  othc'r thrci .  v c l o c i t i c s ,  evtn though mcasurcmcnts w L r C  made only a t  
one oxygin conc;tntration, and s t r a i g h t  i i n e s  f o r  t h e s c  t h r e c  v e l o c i t i e s  havc 
a t s o  been included. 
A1, which should now be f u n c t i o n s  of v e l o c i t y  a lone ,  w i t i :  t h e  tmpei-aturc- and 
concent ra t ion  dependence e l imina ted .  

3 . 5  V.ilues and P r o p e r t i e s  of Empirical  C o z f f i c i a t  11.: - Th;? v a r i a t i o n  of A, 
with  v e l o c i t y  is shown g r a p h i c a i l y  i n  Fig.  4. a l s o  shown, f o r  reasons that '  
w i l l  be devdoped,  i s  i t s  v a r i a t i o n  with v lT2. 
Yoot of th;: v e l o c i t y  Follows from tl:c i d e n t i t y  biitwccn A i  an& kl, which now 
r(s ducc s t o  

Thi; s l o p e s  or' thi-sk l i x s  givd t h e  m p i r i c a l  c o f f f i c i c n t s  

I 

--- 
T h i s  v a r i a t l n n  wi th  t h e  square 

R, = A;.p,.cx'p(-E;/RT) - = B;.po.exp(-E;/I!T) / (I + kl/ko) (17a) 

o r  A; = B; / (1 + kl/ko) (17b) 

This  formally incorpora tes  t k  i d e n t i f i c a t i o n  O F  E: i n  eqns. (Cb) and (13) a s  
being t h e  Sam? i n  both cases .  I t  w i l l  be seen innn&diett;ly from t h i s  t h s t ,  i f  
t h e  adsorpt ion r a t e  is  i . r d m d  very fas t  compareti wFth t h e  t r a n s p o r t  r s t r ,  ko, 
then  t h e  r a t i c  lcl/ko wouid 21, lazge compared wi-th u n i t y ,  s o  we wo g r t  A 
propor t iona l  t o  k - hence - from e ~ s .  (2), (3:).,  and (4) - t o  v:". The 
s i g n i f i c a n t  curva?;rc: on t h e  square-root  p l o t  oE Fig.  4, s u b s t a n t i a t e d  by l a t c r  
p l o t s ,  shows t h a t  I<,. i s  n o t  * w r y  l a r g e  compared with ko. However, before  these  
a d d i t i o n a l  p l o t s  can be i.xamined, one f u r t h e r  p ,> in t  concerning t h e  temperature 
dependence of t h e  i d e n t i t y  must ke i n v e s t i g a t e d .  

- 

1 

3 . 6  
d e r i v a t i o n ,  the  c o e f f i c i e n t s  A; and P.' a m  n e c e w a r i l y  def ined a s  3e ing  tempera- 

, I 

eqn. (i7b) t h a t  t h e  r i g h t  hand s i d c , o f  t h e  i d e n c i t y  still conta ins  temperature- 
dependcnt terms. The c o e f f i c i e n t  B i s  def ined a s  seir ,g tempel-aturc indepen- < 
dent ;  t h e  dependency is  i rro?poFat&d s o l e l y  i n  t h e  two v e l o c i t y  cons tan ts ,  
ko and k . r 

e s t a b l i s h ,  f o r  t h 2  i d e n t i t y  n o t  t o  f a i i ,  is  t h a t  t h i s  r a t i o  Gas n e g l i g i b l e  
temperature  dependence. From eqns.  (2) and (8.3) we can write: 

Temperature Dependenct 01 Empirical  C o e f f i c i e n t  A - By t h e  method of l 
t u r e  independent. I t  i s  apparcnt ,  hohevc-r, from t h e  pi-oposed i d e n t i t y  of I 

Since t h e  t w o  c o n s t n a t s  appear i n  t h e i r  r a t i o ,  k7/!co, wh.. t  we must 

i 
I 

1: 0 ~c~ = (A~/B;) . f  (loa) 1 

where f = (T/T,) O -  75/i,xp. (-E;/RT) (135) i 

1 

t h e  q u a n t i t y ,  f ,  ? x i n g  t h e  temperature f u n c t i o n  L-atio. Taking E a s  2,000 c a l .  
t h i s  temperature f u n c t i o n  r a t i o  has  been c a l c u l a t e d  out  f o r  t h e  &=mperature 
range 900 t o  1703%, and thi- r e s u l t  of t h e  c a l c u l a t i o n  i s  shown graphical l j j  i n  
Fig.  5 .  I t  is  clcaT from t h i s  t h a t  t h e  r a t i o  i s  very cons tan t  indced. For 
t h e  range from 1000°K, t h e  va lue  of thz  r a t i o  can :e ta!:en as  7 . 1  - 0.1. 
r e p r e s e n t s  l e s s  than 1.5% v a r i a t i o i i  whicn, compared wi th  t h e  s c a t t e r  of the 
o r i g i n a l  expe?imental p o i n t s ,  i s  q u i t e  acceptable .  
c o e f f i c i e n t  A i  has  now Seen reduced t o  a func t ion  of v z l o c i t y  a lone.  

1 
,/ 

This.'' 

This  confirms t k a t  t h e  



The only varin:.)le terms ilow .i.s?t i n  t h i s  are; 
\ . ? loc i ty ,  \r ; and t h e  dependent . Inr ia>ie ,  A, , obtained I:y. reduct ion  from t h e  
experimcnta? da ta .  Eqn. (19) is n o t  a func t ion  t h a t  can be t e s t e d  d i r e c t l y  
a s  i t  s tands  ::ut, E a  f 9 r s t  approximation, we may assumc t h a t  2 i s  small 
compared. wi th  c ’ , +  vo 
which l i k e  the  squarc-root  p l o t  of Fi.z. 4 ,  a l s o  shows de tec t ab le  cui”+oture. 
p a i n t  of Fac t ,  apparent ly  good-f i t  s t r a i g h t  l i n e s  coul2 nave been run  through 
both p l o t s  b u t ,  when t h i s  was t r i e d ,  t h e r e  was then an incons is tency  amounting 
t o  an order  of  mapnjtude i n  t h e  va lues  of t h e  o rd ina te  i n t e r c e p t s  of t he  two 
p i o t s .  By success ive  approxirnntion &tween t h e  two p i o t s  t o  remove t h e  
incons is tency ,  ai1 ord ina te  i n t e r c e p t  in Fig.  5 of va lue  LO3 was f i n a l l y  adopted 
fo?? tht: quanfit:! i / B ’ .  
arrsngemen: of eqn. +19b) : 

t h e  independent va r i ab le  of 

. Thc- appropr ia te  p l o t  t o  t e s t  t h i s  i s  given i n  Fig. 6 ,  
In 

This  XJalue was then used t o  t e s t  t h e  fo l lowing  f i n a l  

This  ?ire]. equat ion was t e s t e d  t h e  p i o t  of Fig.  7 .  Th i s  shows t h a t  the 
func t ion  is s a t i s f a c t o r l l y  obeyed WFth an i n t e r c e p t  cf va iuc  0.6 x 
Being t h e  va lue  of t h e  quan t i ty  ( Z f K ) .  

t h i s  

This i’unytionai ap;;reernent thus s u b s t a n t i a p d  t h e  iden’iity of t he  empir ica l  
c o e f f i c l c n t  A ?  wi th  t h e  t h e o r c t l c a f  quan t i ty  B /(1 i. kiA!iJ, as i n  eqn. ( l7h) .  

3 . 8  
equat ions  have t h e  c o r r e c t  func t iona l  form, whfch i-hercfore provides  q u a l t a t i v e  
suL2stantiation of  t he  p i c t u r e  deveiopcd. However, tile g raph ica l  p l o t s  do more 
than t h i s :  they a l s o  provide exTcrimcntal va lues ,  by way of s lopes  and i n t e r -  
c e p t s ,  or̂  t!ie var ious  c o e f f i c i e n t s  involved,  and these  experimentai  va lues  can 
now !x compared wi th  the  values predic ted  from theory .  I n  gene ra l ,  these will 
he  seen t o  shqw agreement Letween p red ic t ion  and experiment t h a t  v a r i e s  from 
adequate t o  e x c c l l e n t .  

1 
Coef f i c i en t  Values - What we have now es t ab l i shed  i s  t h a t  t h e  proposed 

3 . 8 .  i DiEfusion and Veloc i9-  C o e f f i c i e n t s  - ( i )  Zero v e l o c i t y :  A t  zero 
v t i o c i t y ,  w e  g e t  t h c  l i m i t i n g  va lue  of 2 f o r  t h e  Nussc l t  n h e r .  Phys ica l ly ,  
t h i s  r e p x s c n t s  the  s i t u a t i o n  where the  p a r t i c l e  i s  surroundec! by a tota1i.y 
Ciuicsccnt d i ? k s i o n  f i i m  e x e r t i n g  i t s  maximum inf luencc  . T o  compai-e theory 
and experiment, t he  cxperimentai  c o e f f i c i e n t  r e l a t i n g  t o  zero ve loc i ty  i s  the  
o rd ina te  i n t e r c c p t  on F ig .  7. Frorn t h i s  p l o t ,  t h i s  i n t e r c e p t  has  the  value: 
0.5 x . I C 3 .  By eqn. (19c), t h i s  valuc;: i s  prcldicted by t::? quan t i ty  (2fK) ; 
; . E . ,  2f(p M /M (D /d) . Taking t h e  Following va lues  ?CY these quan t i t i e s :  
i, as 1.43°xcLOv~ &.c. ; M and M as  1 2  and 32 r e spec t ivc iy ;  D a s  0.181 
sq. cn./sSc.; anc! d a s  2.WCcm.; WE lime K = 3.83 x l C e 5 .  S inceof ,  from 
Fig.  5 ,  has  t h e  va iuc  7 . 1 ,  w e  ais0 have 

0 0 

5 pred ic t ed  vaiue: 2 f K  = 1.4.2 x 3.33 x 10- 

= 0.545 10-3 

e x p c r i m z t a l  valuc: = 0.60 x 

comparcd with 

\ 

L 
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This  agreement is c l e a r l y  acceptable.  It is, however, no more than w e  

now expect from d i f fus ion  ca l cu la t ions  i n  view of  t h e  exce l l en t  agreement 
a l ready obtained elsewhere (15-17) us ing  such ca lcu la t ions .  Confidence i n  the  
accuracy of d i f fus ion  ca l cu la t ions  is now very high. 

( i i )  F i n i t e  ve loc i ty :  I n  t h e  following system, the  agreement on coeffic- 
i e n t s  is  a s  good, though t h e  o rde r  of agreement depends on whose equation i s  
chosen from t h e  l i t e r a t u r e  f o r  compartson of t h e  coe f f i c i en t s ;  t h e r e  a r e  a l s o  
two po in t s  t h a t  can be quer ied  about t h e  method of t h e  t h e o r e t i c a l  ca lcu la t ion .  
To compare theory and experiment,  we have i n  t h i s  ins tance  t h e  comparison o f  
t h e  values  f o r  the s lope of Fig.  7. The experimental  value,  from the  p l o t ,  is  
0.725 x lo3. The predic ted  va lue  i s  given, again from eqn. ( 1 9 ~ 1 ,  by its second 
term, as: fKc'. The value of fK i s  given above a s  0.2125 x 10' ; and f o r  c '  
i s  given (from Ranz and Marshal l ' s  da ta  (22)) under eqn. (4b) a s  2.64.. Hence 
we have: 

pred ic ted  value: f K c '  = 0.2125 x x 2.64 

' = 0.7175 x 

experimental value: = 0.725 x 

compared with 

This  agreement i s  a l s o  exce l l en t .  The only reserva t ions  on t h e  predicted 
value a r c  concerned with:  t h e  use of t he  s . t .p .  gas v i s c o s i t y  i n  evaluat ion 
of t h e  c '  coe f f i c i en t  ( in  eqn. 4b). Sincc t h e  gas v i s c o s i t y  increases  roughly 
i n  proport ion t o  t h e  square root of t h e  temperature then ,  t ak ing  a mean tempera- 

- tu re  of 1500°K, the  co r rec t ion  f a c t o r  t o  bc appl ied  i s  d iv i s ion  by t h e  fou r th  
root  of 1500/273. However, we should a l so  c o r r e c t  
f o r  t h e  increased ve loc i ty  p a s t  t h e  sphere a t  i t s  perpendicular  diameter t o  the  
gas flow due t o  t he  c o n s t r i c t i o n  of t he  tube. This  gives  us  a mult iplying 
cor rec t ion  f ac to r ,  f o r  both co r rec t ions  combined, of about 0.75. 
w e  then  u s e  Khi t r ins  c o e f f i c i e n t  of 0.7 (23), i n s t cad  of Ranz and Marshal l ' s  
of 0.6 (22), t h e  co r rec t ion  f a c t o r  i s  about 0.9. This  would s t i l l  put  t h e  
agreement between t h e  p red ic t ed  and experimental  va lues  wi th in  an acceptable  
lo%, but  q u i t e  c l e a r l y ,  t h e  p o s s i b i l i t i e s  of  s e l e c t i n g  values  t h a t  w i l l  f i t  
becomes so wide t h a t  b e t t e r  agreement f i n a l l y  becomes meaningless. 

T h i s  gives  us about 1.5. 

I f ,  however, 

3.8.2 High Temperature Rate Cocff ic ien ts  (i) Energy of Act ivat ion,  El: The 
choice of apparent energy of a c t i v a t i o n ,  El, has  been f u l l y  discussed above. 
This  i s  not  a quant i ty  t h a t  can e a s i l y  be pred ic ted  from f i rs t  pr inc ip les .  
few have been (e.g.: adsorpt ion of H2 on carbon (37)), but  no simple general  
method ye t  ex i s t s .  

A 

The apparent value i s  r e l a t e d  t o  t he  t r u e  value by eqn. (8). The e f f e c t  
of d iv id ing  t h e  Arrhenius exponent ia l  by\/-T7Ta i s  t o  reduce t w r u e  value by 
about 1400 c a l .  By ca l cu la t ing  t h e  quant i ty  exp(-E;/RT) x ,JT/To, and making 
an Arrhenius p l o t ,  a va lue  o f  3,400 cal .  was obtained f o r  t h e  t r u e  ac t iva t ion  
energy E . 
Eyring (30) , and by Barrcr  (32) f o r  low area  of coverage; it is  a l so  i n  l i n e  
with the  es t imates  mode elsewhere (2). 
ex t rac ted  from the  l o w  temperature and pressure s tud ie s  of Laine, Vastola ,  and 
Walker (38) .  They quote a c t i v a t i o n  energies  o f  44,000 cal. f o r  carbon gasi-  
f i c a t i o n  with oxygen, and 36,000 ca l .  f o r  t h e  simultaneous oxygm deplet ion.  
A s  with Gulbransen and Andrew (39) (whose respectove figures were: 40,000 and 
35,000 cal.), these r ep resen t  respec t ive ly  t h e  values  f o r  t h e  desorpt ion 
Process  a lone ,  and f o r  t h e  t o t a l  reac t ion .  
of (E2 - El), then we have a subt rac t ion ,  values  f o r  El of 8,000 and 5,000 ca l .  

Tnis i s  c l e a r l y  i n  l i n e  with t h e  values  given by Blyholder and 

Another i n t e r e s t i n g  f igu re  can be 

I f  t he  l a t t e r  f i g u r e  i s  t h e  value 

A 
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f r o i n  Lninc e t  a l .  and Gulbransen and Andrew respec t ive ly .  Both f i g u r e s  a r e  i n  

p, l i nc  with Bni-rci-.'s va lues  (32) a t  low t o  medium coverage, and t h e  h igher  i s  
' close t o  Biniwrjee and S a r j a n t s  value (40) of 8 , 3 0 0  c a l .  
b 

, independent form of thc! c o e f f i c i e n t ,  giyen t h e o r e t i c h l y  by eqn. ( 7 ) .  
: r e l a t f d  t o  t h e  zxperime?tal q u a n t i t y ,  B1, through eqns. (7) and (8). The 

' 

( i i )  Frequency f a c t o r :  This  is t h e  q u a n t i t y  A , o r  B as  t h e  temperature- z 1 

?' expcrimental  value of B1 i s  0.01, obtained a s  descr ibed i n  sec.  3 . 7  by _-  
It i s  

- 
I hicceusive npproximi*ion. By eqn. (3) we g e t ,  f o r  B1, a value of 0.039. This ,  

however, i s  s u b s t a n t i a l l y  lower than t h e  pred ic ted  va lue  of B1 when t h e  o r i e n t a -  
t i o n  c o e f f i c i e n t  i s  uni ty .  Taking P a s  1.013 x 10 dynes/sq. cm.;  M a s  30; 
and R as  13.37 crgs/degree mole; 
Since t h i s  i s  s u b s t a n t i a l l y  above t h e  experimental  va lue  of B , we may reasonably 
inEer ,  fol lowing Laine c t  a l .  ( 3 8 ) ,  t h a t  t h e  d i f f e r e n c e  is  du& t o  t h e  o r i e n t a -  
t i o n  o r  s t e r i c  This  csn b e  c a l c u l a t e d  from t h e  i d e n t i t y :  

6 
we g e t  a c a l c u l a t e d  va lue  of  5.89 f o r  B1. 

r 

9 = Bl(exptl.)/B1 (predtd.) 

'L 

I 

= 0.039/5.88 

= 1/150 

This  i s  w i t i n  a f a c t o r  of 2 or 3 of t h e  v a l u e s  f o r i ,  given by Laine e t  al .  (38) ,  
which rangEd from V 5 6  t o  1/83. If t h e  adduced explanat ion f o r  t h e  discrepancy 
between t n e  two B1 TJalues i s  c o r r e c t ,  t5e va lues  oE 
mawitude a g r e m e n t .  

a r e  a t  l e a s t  i n  order of 

3 . 8 . 3  Low Temperature Rate Coeff ic ien ts  - L i t t l e  need be s a i d  about t h e  low 
temperature c o s f f i c i e n t s .  The i d e n t i f i c a t i o n  a n d i n t e r p r e t a t i o n  of these  has  
never b e e n - i n  d ispute .  and E2 adoptzd, as descr ibed  above, 
of respectLvely: 
othcr  va lues  g'ven i n  origLna1. papers and reviews, t o  which r c f e r e n c e  may 3e 
-i.de f 0:- CGX?l?ai-isOn. 

The va lues  of k 
1.05 x lo4 g/.sq.cm. s&. , and 40,000 col.., a r e  i n  l i n e  with 

::. DISCUSSION 

4.1 Gensi:a& - Ilnnt t h e s c  r s s u i t s  c i c i r i y  e s t a b l i s h ,  t o  OUT m i d ,  3re:  f i r s t ,  
t:ii. m e n e r n  - v a l i d i t y  of t h e  spproacn; szcond, s u b s t a n t i a t i o n  of t h e  high 
r e i i a n c e  t h a t  m2.y he p iac ic !  oi-i t i l &  dir-i 'usion c a i c u l a t i o n s  ; and, t ' - , i r d ,  the 
dcgrec of confidcnce t o  w-:ich t h e  quoted equat ions m y  Ije used f o r  c a i c u l a t i n g  
m ? s s  t r a n s ? e r  i n  a flow-ing system. Given t h e s s ,  t h e  most important f i n d  
c-onclusior, t hz t  may 1x2 drawn i s  th; r e l a t i v e  importancc of t h e  high-temperature 
r e s i s t a n c e ,  SI, i n  comparison with t h e  d i f f u s i o n a l  r e s i s t a n c e , S  . This  f i n a l  
p c i n t  i.s now amplif icd i n  t h e  . sec t ions  following. 0 

) :I.? - Rcs'-sts;:ce _- R-:tios -_ - (i) / S  : To show t h e  r c l 3 t i v e  importance of Si 
) t o  S o ,  w:l!-5i r'c2rnc.r has hiterto'?& genera l ly  neglected as too  small ,  Fig.  8 

J 
simws a >Lot oZ t h e i r  r 3 t i o  as  a funct, ion of velocity:  The s i n g l e  l i n e  given 
i s  v a l i d  D'IC t!ic: tempcratui-e i'ai-.ge 1100 t o  1700 K ,  t o  wi th in  about I.%; i t '  

,: i s  a l s o  indcpendent of oxygen zoncentrati.on. T h i s  shows t h a t  ~ over t h e  velocS.ty 
r m g e  OF tiic rxpc:imuits, thd x s i s t n n c e  m t i o  rises f rom O.IG t o  0.57. A s  

\ T?xxxta,ks of t;;e t o t a l  r c i c t l o c  resistance., these  fiLwres show t h a t  S1 r i s e s  

dinXwn frcm e;:;:. (11) t h a t  cont inui ty  i n  t h e  s lopes  of t h e  cui-ves can only mean 

0 

, :-.om 15% t g  36%, w 5 c h  c l e a r l y  i s  not  n e g i i g i b l e .  This  conzirms t h e  conclusion 
\ 

~ t l ia t  si is s i p i f i c a n t .  
\ 

A t  zero veIoc?' . ty,  t h c  r a t i o  does  becoh.  'y small ,  dropping t o  about 20:l. 
This howeve-, i s  t r u e  only f o r  these  very 1 5  . spheres .  Since S o  i s  propor- 
t i m a l .  t o  the  sphere diameter ,  d ,  by eqns. ( , (2), and ( 3 ) ,  we then  have 
t : i a t . t h c  r e s i s t a n c e  r s t i c  is inversely propopt ional  t o  t h e  diameter ,  d. Thus, 
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even ir. a quiesref i t  system, ;.eCuc.;-ion G? ,cJ L‘rom o ~ e  ?.icI: .LG ? .  5 mni would r a i s e  
the  resis ta i lce ,  r a t i o  up to 2 .CO 1: 
va7.ue. 

r e s i s t ance ,  S o ,  hecomes , : u t a l l y  urimpoi-tant , :a agreement w i t 3  previous pre i ic -  

i . e .  , t h e  two wculci ?:e comparable i?; 
i)t ?50 mici-oiis, ‘ h e  , r a t i o  eoes t o  23 t o  I i n  Pavou; of t h e  cncinj.cal 

r e s i s t ance  ; and a t  25 micsoks, 01‘ puiver i sed  coa l  pariic2.e s ~ . z e ,  ‘;lie. difzusiona I : 

t i o n s  and caicuLat ions (UX,L?2) . ( a l so  I .  . , see . .  lrelow). . .  . 
. ,  

I f ,  on t:?e other  hsna, ttie liigh.temp,erature frequeacy facto:, A~ ever  
a t t a i n e d  its, fu3.l t heo re t i caL  ./ah,, t h e  S1 r e s i s t ance  wouid not  L.ecome 
important tiil -the p a r t i c l e  size chopped below 130 microns. Above t!.:i.s, it . 
would not matter. This  may we3.1; hqve heen t h e  case f o r  t h e  carboils formed -- i n  s i t u  f ro?  burning coa l  p a r t i c i e s  s ince  no evidence 02 a.ciiet$ieal res in tance  
was ever  found (15-17) f o r  p a r t i c l e s  ranging i n  size as iow as”300 microns. 
This suggysts t h a t  A1 mny depend as much on t h e  inhe ren t  Feac t iv i ty  of t h e  
mater ia l  as i t  does on any accomodation or o r i e n t a t i o n  f a c t o r .  

( i i )  S1/S2: This  a l t e r n a t i v e  p l o t  i s - shorm-in  Fig. 9. I n  t h i s  ins tance  
t h e  two r e s i s t a n c e s  a r e  indepencent of v e l o c i t y ,  5,ut a r e  vei-y s t rongly  influence: 
by temperature and oxygen concentyotion. 
equal ,  over t h e  range 5 t o  21% oxygea, a t  a temperature of around 1303 L- 100°I<; 
and t h e r e  is s u b s t a n t i a l l y  change-from S 2  eon t ro l  t o  S ;  cont-ol ( i f  So is 
absent) in .  t h e  temperature range 1 2 O O O K  A:’ 200°. For  t h e  i” spheres ,  
inspec t inn  of Fiz. 2 i n d i c a t e s  a t r a n s i t i o n  temperature  of a j o u t  1000°K 20C0 
(c f .  da ta  i n  Review ( 3 ) ) ,  t h u s  implying a sur fase  oxygen concent ra t ion  (p,) of 
1% o r  l e s s .  
( i . e . ,  of p ) , r a the r  t han  main stream va lues ,  t h e  p r o p e s s i v e  reduct ion  of the- .  
d i f fus ion  l z y e r ,  due t o  a r i s i n g  v e l o c i t y ,  o r  f i l l l i n g  p a r t i c l e  s i z e ,  i s  seen 
t o  increase  t h e  sur face  oxygeil concentraf iqn,  and t o  raise t h e  t r a n s i t i o n  
temperature.  

Even so ,  t!12 two r e s i s t a n c e s  are 

Since theioxygen-concentrations can be read as su r face  va lues  

4.3 
r e s i s t a n c e ,  S , hecomes negli’ule a s  t he  partic112 s i z e  drops below 100 microns. 
Smal: pqrticl&! ;;chavior, a s  i n  pulver i sed  c o a l  Flames (9), 02 soo t  p a r t i c l e s  
i n  cracked hydrocarbon flames ( l o ) ,  can t h e r e f o k  be evaluated from eqn. 
and Fig. 9. According t o  t h e s e ,  we should f i n d  t h a t ,  cven i n  t h c  most favorable  
condi t ions  f o r  the  r e s i s t a n c e  S2, t h e  S1 r e s i s t m c e  should predo?+nate above 
140OoK. 
40,?00 cal., aan be adduced over t h e  range-1300 t o  1700 I(. Th i s ,  of course,  
i s  q u i t e  f e a s i b l e  i f  t h e  S 
indeed drop by a f a c t o r  of1102, as discussed a b w e .  
t h e  S2 r e s i s t ance  would n o t  drop below 1WA o f  t i a  t o t a l  r e s i s t ance  till the  
temperature  exceeded 1900%. 

Small P a r t i c l e  B e h a v i o r  and Other Data’- I\S mentioned ? b o y ,  t h c  d i f fus ion  

(10) 

Data (9,10) ,  however, show t h a t  high a c t i v a t i o a  ene rg ie s ,  of about 

va lue  f o r  p a r t i c l e s  formed from coa l  i n  s i tu  co?. 
A t  5% oxygen concent ra t ion ,  

Such behavior would s s t i s f a c t o r i l y  account f o r  t h e  rcsylts o t a i n e d ,  
except  t h a t  both r e a c t i o n s  ore  claimed t o  bP-’ f i r s t  order. A poss ib le  reason 
f o r  t h i s  f u r t h e r  discrepancy may he that t h e r e  i s - e v e n  a Pourth r e s i s t a n c e  on  
mechanism coming i n t o  p l ay  a t  t h e  h igher  temperatures .  Srlilith and Gudmundsen 
(43) measpred burning ra tes  of small  spheres ,  2 o r  3 mm I n  Ciameter, a t  tempera- 
t u r e s  rqnging from 1450 t o  &75O0K. A t  t h e  lower t e m p c r a t u x s  i n  t h i s  rang?, 
t h e  r eac t ion  r a t e s  ob ta ined  s u b s t a n t i a l l y  agree w i t h  p rcd ic t lon  from t h e  
equat ions  developed i n  t h i s  paper ,  us ing  t h e  same experirneatal  cocfc ic ien ts .  
The i n i t i a l  s l o p e s  of t h e  curves with r e spec t  t o  tempe;‘ature a r e  a l s o  s i m i l a r ;  
bu t  above 1650°K, where Tu e t  a l .  had very f e w  d a t a ,  th2  s lopes  o f  t hc  S m i t t  
and Gudmundsen curves i n c r e a s e  verv raDidlv indeed with t h e  a c t i v a t i o n  ene?m -- 
evident ly  1;igh. Golovinn and Khaustovich i24) have shown t h e  same e f f e c t ,  / ’  

ais0 using spheres  of very slmila- diameter t o  those  used ::ly T u  ( of 1.5 m.) 
and; in  a 60 cm./sec. a i r  f l o w .  
f a s t  UP t o  LOO0 or l l O O o K ,  then  l e v e l l i n g  o f ?  a t  about 30 x 10-5 g./sq.orn.sec. 

’’ 

I n  agreement w i t h  TU, t h e  r eac t ion  r a t e s  rose 1 
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[L".-. F.L:.. '1 . T:ien, i n  a5;rcsnicn-i- : S m i t h  and Gudmundsen, they ~ O S E  fWt 
a,;,a.:i ovc: E::? tempex-ature razgc! LWO -20 i jso°K, r i s i n g  t o  about  . 
7 0  x 1.0-5 z./sq.cm.szc.; bu t  then  they l e v e l l e d  o f f  a e a i n ,  w i t h  ca lcu la ted  
r a t e s  i n  agreeneat wi . t j i  a double f i l m  d i f f u s i o n  systcrn , t h i s  be ing  maintained 
L:p t o  t h e  c : ~ p e r i m e n t a l l t e m p c r a t u ~ ~  l i m i t  of 300OoK.. 

This  phenomenon shown by Smith and Gudmundsen (43) and by Golovina and 
Kiinustovich (24) i n  t h e  temperature range 1500 t o  i700OX may, t h e r e f o r e  
account f o r  t h e  Lee e t  al. (10) anomalies,  but clearly tiiis is  a . r e g i o n  now 
x q u i r i n g  exarnination , Snth thcof le t ica i ly  and exper3nental ly  i n  much g r e a t e r  
d c t n i l .  - 

t 5. CONCLUSIONS 

From this a n a l y s i s ,  of t:ie Tu, Davis, and Hot te l  dz ta  (1) , on t h e  burning ' ?;ltzs of l" carbon sphei-cs, p resented  i n  t h i s  papcr ,  we conclude t h a t :  
I 

The t h r e e - r c s i s t a n c c  c o n c q t  of: boundary-iayer d i f fus ion  ( S o )  , a c t i v a t e d  
adsorp t ion  (S ) , and desorptioii  (S ) ,  which a r e  deemed t o  take  p l a c e  
phys ica l ly  i n  s e r i e s ,  i s  c t s s e n t i a d y  c o r r e c t .  

A t  low temperatures  (below 1000%) t h e  desorpt ion r e s i s t a n c e  ( S ? )  predomin- 
a t e s ,  and t h e  reac-;ion oz le r  i s  ~ ~ 1 - 0 .  

t h e  d i f f u s i o n  and adsorp t ion  r e s i s t a n c e s  (S and S,) a r e  both,  simultaneousl: 
important ,  and t h e  react ior ,  is Pips;  order.' For t h e  1' 
v e l o c i t i e s ,  S1 i s  t!ie l o w e r  GI t h e  two r e s i s t a n c e s ,  :wing i/6 oE S o  a t  
3.5 cm./sec. Zas velocity, 

A t  h igner  v e l o c i t i e s ,  o r  smaiieL- p a r t i c l e  s i z e s ,  the d i f f u s i o n  r e s i s t a n c e ,  
S o ,  bccomes progress ivc iy  l e s s  important.  I n  genera l ,  it should be poss ib lc  
t o  n e g l e c t  i t  w i t i i  i i t t l c  e m o r ,  a t  p a r t i c l e  s i z e s  less  than  100 microns 
(pulver5sed coa l  s i z e ) ,  even i n  quiescent  ambieilt gas condi t ions .  

The reciprocal  of t h e  t h r e e  r e s i s t a n c e s  arc- r e l a t c d  t o  t h e  v e l o c i t y  constnntz 
of t h e  t h r e e  prLcosses,  givcil genera l ly  by: 

1 

A t  high tempe-a'cures, (a6ove 1000°K), 

sphere a t  low 

,ut- r i s i n g  t o  1 / 2  of S o  a t  50 cm./sec. 

, \\ 

-, 
-i 

l/S2 = 1: = A2.exp(-E3/RT) 2 
t h e  c o e f f i c i c n t s  A,,  A , And B '  being given by eqns. (3) and (7) .  
v e l o c i t y  &pendent,  anh temperhtyrc independcnt; A i s  temperature &pendent, 

\ 
J and v e l o c i t y  indcpendcnt;  and B, and i'i a r c  both t&mpei.ature and v e l o c i t y  

< 
\ .  s t:--~Ln by t:ie qoodrnt ic  of cqil. (9) However, the data may be npproximatr.r 
\ '  

A is 

I independent. 2 

5. Thi r e l a t i o n  uetwccn s p e c i f l c  r e a c t i o n  ra tc  (R ) and t h e  velocit ;r  cons tan ts  
9 

bj. t:x modified Langmuir isotherm. 

> 1/zs (ifi..' .pol + ( 1 ~ ~ )  
i 

where k i  -- A:. c.xp (E'/RT) 

d e r i n i t i a n ,  i s  in2cpendcnt of both temperature and oxygen concent ra t ion ,  
Gut ;s v e l o c i t y  dependent. 

1 
\ 

A; and. E; a r e  empir ical  quantities determined by experiment. A;, UY 

. .  
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6 .  The empir ical  a c t i v a t i o n  enci-Zy, E: ,  is i d e n t i f i e d  wlth t h e  e f f c r t i v f  

a c t i v a t i o n  energy, obtained i'rom f r r s t  p r i n c i p l e s ,  a f t e ?  combining thz  
T1/2 t e r m  of A (E being t h e  t r u c  a c t i v a t i o n  energy).  
The va lue  of  t h e  e f f e c t i v e  energy,  E .is found by bes t  flt t o  experimtnt 
t o  have a value of 2000 cal./mole. 
va lue ,  E , is 3400 cal. /molc,  i n  adequate agreement w i t h  othtr values  f o r  
t h i s  q u a k i t y  i n  the l i t e r a t u r e .  

The empir ical  frequency f a c t o r ,  A:, is  i d e n t i f i e d  with t i i t :  t h e o r e t i c a l  
group obtained from f i r s t  p r l n c i p i e s :  

wi th  t h e  El term i n  7 1 
$y c a i e u l a t i c n  from t h i s ,  thL true 

7 .  

A: = B;/ (1 f kl/ko) 

Fyom t h i s ,  t he  fo l lowing  r e l a t i o n  with ve loc i ty  is o'itained: 

Comparison with experiment confirmed t h e  func t iona l  Corm of t h i s  equat ion;  

c o e f f i c i e n t s  involved i n  t h e  d i f fus ion  and v e l o c i t y  components of t he  
ca l cu la t ion .  

1 
< and excellc-nt agreement w a s  found. jetween t h e  p red ic t ed  and experimental  I 

4 1 8. Agreement betwc-en t h e  p red ic t ed  and Experimentai va lues  o f  t h e  Al and B 
frequency f a c t o r s  a r e  i n  e r r o r  7y a f a c t o r  of 150. This  i s  a t t r i b u t e d  
t o  an o r i e n t a t i o n  o r  s t e r i c  f a c t o r ,  #', f o r  which o t h w  va lues  i n  the  r- 

l i t e r a t u r t .  are i n  t h e  range of 50 t o  80. F o r  th i s  i G e n t i f i c a t i o n ,  1 

(7 agreement i s  t h e r e f o r e  adequate. 

A f i n a l  po in t  developing s'rom t h i s  anaiy-sis i s  an ambiguity o r  inconsis tency ~ 

i n  h igher  temperature  d a t a ,  obtained by o t t e r s ,  t h a t  Sus t  overlap i n  t h e i r  
bottom ranges wi th  the top temperature range of thosc obtained by Tu e t  a l .  

over lap ,  the d a t a  show a much more r ap id  r i s e i n  r eac t ion  r a t e  than the  

9. 

I n  t h e  overlap,  t h e  d a t a  ag ree ;  but  a t  h i g t e r  temperatu-es, Leyond the  ,J 

study. . 
equations and mechanism should permit. This phenomenon requires f u r t h e r  i 

i 

A -  
A0 - 
A 1  - 
9 - 
A 1  - 
A2 - 
b -  
3.1 - 
B; - 
c' - 
d -  

c -  

Do - 

E2 - 

ko - 

- 
E; - 

f -  
k -  - 

6. LIST OF S W O B  

I .~ 
frequency f a c t o r  

n " f o r  d i f f u s i o n  = Y.Nu 

I t  €or  desorp t ion  
l? f o r  adsorp t ion  = M c P 7 / , / m  c 

first empir ica l  f a c t o r  = B;/ (1 + kl/ko) 
second empirical fnctGr = A ' P ~  
conversion f a c t o r  (numerical) i n  B1 = b.B;: 

e f f e c t i v e  adsorp t ion  frequency €ac to r  = Bl/b 
numcrical cons t an t  i n  Nussdt /Reynolds  No. ecuat ion 
r ev i sed  value of c f o r  v e l o c i t y  equat ion  = i 

pal - t ic le  diameter  ( t h i s  paper  - 2.5 cm.) 
d i f f u s i o n  c o e f f i c i e n t  a t  s . t . p .  ( for  O2 i n  N, = 0.181) 
adsorpt ion a c t i v a t i o n  energy ( t rue)  
empir ica l  an6 e f f e c t i v e  adsorp t ion  a c t i v a t i o n  enc rg ie s  *2000 cel./molL i' 
desorpt ion a c t i v a t i o n  enkrgy ( t rue)  - r10,OOO c:l./molc 
temperature func t inn  r a t i o :  
ve loc i ty  cons t an t  
Veloci ty  cons t an t  f o r  d i f f u s i o n  = Ao(T/To) o.75 

value 3.9 
adsorpt ion frequency f a c t o r  (temp. indep .) = AI. ,- ,+ 

c* 

/ 3400 c&/mole 

/ 

(~n.1 0,75/exp ( -E~/RT)  : value  = 7 .  i 

A 



n 

t 
199 rl - v c l x i t y  constant  f u r  ac l so rp l im  - A1.exp(-El/RT) 

‘‘2 - f o r  desorpt ion -= A2.exp(-E7/RT) 
1.i - 

K - d i f f u s i o n a l  cons t an t  group - 

f i i T s t  crnpi2ical v e l o c i t y  cons t an t  
‘ I.; - SeCGn? u n 2 i r i c a l  v e l o c i t y  cons t an t  = kipo  

pGMc/Mo) (Do/d) 
. h , -  

I m 1- . 1 g e n r a :  x d i c e s ,  f o r  R e  and Pr numbers 
Mc - molecular weight of carbon 
Mo - molecular weight of oxygen 
Nu - Nusscl t  number f o r  mass t r a n s f e r  
po - oxygen p a r t i a l  p re s su re ,  main stream va lue  

- P, - oxygen T a r t i a l  p re s su re ,  s o l i d  su r face  value 
T P - t o t a i  pressure (1 atmos.) 

+, R c  - Reynolds number 
Pi. - Prandt: number 

l R s  - 
So - d i f f u s i o n a l  r e s i s t a n c e  l /kop, 

Si - 
S2 - 

s p e c i f i c  rdac t ion  rate - g/sq.cm.sec. 

adsorDtion r e s i s t a n c e  = l/klp, 
desor3t icn r e s i s t a n c e  -: l / k z  i T - temperature (sbsolute) 

Vo - s . t . p .  gas v e l o c i t y  
T, - s.t. 

s . t . p . dens i ty  \ p o -  l 9 - o r i e n t a t i o n  or s te r ic  f a c t o r  i n  adsorpt ion 
i p - gas v i s c o s i t y  
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